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Introduction

Natural gas and biogas or zero emission hydrogen as alternative fuels could
significantly reduce the environmental pressures from carbon dioxide and other
emissions. The current high pressure or cryogenic gas storage methods are not ideal for
the economical storage of these gases for mobile (transport) application. Adsorption gas
storage offers attractive solutions for the capture and portable storage of these gases if
economically relevant nanoporous adsorbents are available. The American Department
of Energy (DoE) established the corresponding gravimetric and/or volumetric adsorption
capacities of the adsorbents.
Metal-organic frameworks (MOFs) with outstanding gas adsorption properties are one
of the most promising materials for this purpose. In their hybrid structure, multivalent
metal ions or clusters are connected by organic ligands via coordination bonds. Thus,
three-dimensional open framework, with ordered open pore structure is constructed. The
wide variety of suitable metal ions and organic ligands provide excellent means to tune
the porous structure best fitting to the gas to be stored.
The methane adsorption capacity of an iconic MOF, namely copper
benzene-1,3,5-tricarboxylate abbreviated as CuBTC or HKUST-1 (after Hong-Kong
University of Science and Technology), reaches the volumetric DoE target. Moreover,
production of HKUST-1 is also solved on an industrial level, which is an outstanding
advantage. Unfortunately, HKUST-1 suffers from a well-known disadvantage of MOFs,
i.e., they are sensitive to humidity. Another problem is that the powder form is not really
preferred for the mobile application. Formation of compact pellets would solve this latter
issue, but the amorphization of the crystalline structure occurring during the compression
process results in porosity loss. The third problem is the insufficient thermal conductivity
of MOFs which compromises both the uptake and working capacities. Composites with
thermally conductive nanostructured materials may provide a solution to all the three
challenges. They can potentially enhance the mechanical stability and the water resistance
and the thermal conductivity in MOF – carbon associated systems.
In my thesis two of the above mentioned challenges, water sensitivity and the
mechanical stability will be addressed. Nanostructured carbon support such as carbon
aerogel and graphene oxide will be studied as potential associating materials. The water
sensitivity of HKUST-1 will be revealed and the effect of the carbon supports will be
demonstrated.
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Nowadays, environmental protection plays a crucial role equally in everyday life and
scientific research. Great efforts are invested into the development of green and
sustainable technologies to eliminate or at least reduce the harmful effects of human
activity. 2030 climate & energy framework of European Union (EU) includes EU-wide
targets and policy objectives for the period from 2021 to 2030 [1]. Key goals for 2030
involve at least 40% cuts in greenhouse gas emissions (from 1990 levels), while the rising
amount of greenhouse gases in the atmosphere has already led to the worldwide problem
of climate change. Since 1960 the carbon dioxide emission sharply increases and clearly
shows correlation with the growing temperature anomaly (Fig. 1) [2].

Figure 1. Change of the atmospheric carbon dioxide concentration (grey line) and
Earth’s surface temperature (bar chart) since 1880. [after 2]
Therefore, separation and capture of carbon dioxide from flue gas or even directly
from the air is an urgent task in the alleviation of greenhouse effect. Fossil fuel power
plants continue to be the largest CO2 emitter [3,4]. The transport sector contributes
significantly to energy consumption at global level. Still relying mainly on fossil fuels, it
is another key source of carbon dioxide emission. Replacing conventional fossil fuels
such as gasoline and diesel with alternative energy sources would undoubtedly reduce the
environmental pressures from CO2 and other emissions. Not incidentally the oil
dependence of the society would lower too. Use of clean energy gases like hydrogen or
methane is among the promising solutions [2, 5-9].
A future scheme of supplying energy using hydrogen has raised already in the 90s.
The term “hydrogen economy” itself was coined by John Bockris, professor of chemistry
(University of Pennsylvania), in 1970, while the modern interest in hydrogen economy
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goes back to a technical report published in the same year by Lawrence W. Jones of the
University of Michigan [10]. Currently the Hydrogen Council, established in 2017, unites
the leading energy, transport and industry companies with a unified and long-term vision
to develop the hydrogen economy [11, 12]. H2 can be produced from water by electrolysis
via utilizing renewable photovoltaic energy, hydro- or wind power. Thus, the renewable
energy can be stored as chemical energy [13-18]. Its energy per unit mass (gravimetric
density) is clearly outstanding, but its energy per unit volume (volumetric density) is
really far from the conventional fuels such as gasoline or diesel (Fig. 2) [8, 19].

Figure 2. Comparison of gravimetric and volumetric energy density of different
fuels. Solid and open symbols denote liquid and gas, respectively. [after 19]
Methane, the main component of natural gas, is also a promising, relatively clean
alternative fuel. It exhibits the highest H/C ratio among hydrocarbons thus its
consumption produces the least carbon dioxide. The downside, however, is that natural
gas is also fossil fuel [19, 20]. Many researches focus on replacing natural gas with
renewable bio-methane, obtained by the upgrading and purification of biogas. Biogas is
the result of the natural anaerobic digestion of the residual biomass from various sources
(animal waste, sewage treatment plants or industrial wastewater and landfills), performed
by microorganism. Thus, proper waste management enables waste to energy conversion,
by using biodigester tanks for biogas and so bio-methane production. Since methane
belongs to greenhouse gases as well, (with 21 times higher greenhouse warming potential,
GWP then carbon dioxide) the contribution of human activity to methane emissions can
be lowered too by proper waste management [21-26]. The low energy density of methane
fuel highly challenges the application of natural gas (or bio-methane) vehicles (Fig. 2).
Compressed natural gas (CNG) is already being used as vehicle fuel in many countries
13
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but it requires very heavy thick cylindrical or spherical stainless steel tanks with
200-250 bar pressure tolerance [27-29]. Liquefied natural gas (LNG) is an alternative to
CNG, but this can only be stored in a cryogenic-containers, below its boiling point
(- 162 °C) [27, 30].
All in all, the feasibility of gas storage methods depends on good volumetric and
gravimetric capacity, safety requirements and cost. Porous materials offer attractive
alternative for capture, portable storage and transportation of the mentioned gases via
adsorption gas storage This technology can be a solution to the disadvantages of
traditional storage methods. [5, 7, 19, 31]
2.1

Adsorption gas storage

Adsorption gas storage relies on the reversible physical adsorption of the target gases
on in the pores of a proper adsorbent (Fig. 3). Gas molecules practically fills the pores
and they are nearly as close to each other as in liquid phase. Thus, dense packing of the
gas molecules can be achieved under reasonable temperature and pressure compared to
cryogenic or high pressure storage technologies.

Figure 3. Schematic illustration of adsorption gas storage tank. (yellow spheres:
gas molecules; enlarged section: empty porous material). [32]
The amount of the adsorbed gas molecules depends on the temperature, the gas
pressure and the strength of the interactions between the adsorbent and the molecules.
Nanoporous materials, possessing the essential high apparent surface area and pore
volume, are the most promising material family to fulfil the role of adsorbent in
adsorption gas storage. The IUPAC (International Union of Pure and Applied Chemistry)
14
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recommended terminology of porosity helps to clearly define nanoporous materials.
Macropores are pores of widths exceeding 50 nm, mesopores are pores of widths between
2 and 50 nm and micropores are pores of widths not exceeding 2 nm according to IUPAC
classification [33]. Moreover, micropores are often divided into narrow or ultra
(approximated width <0.7 nm) and wide micropores (approximated width >0.7 nm). The
term nanopore embraces all these categories, but with an upper limit of about 100 nm. In
terms of gas storage, in this size range adsorption is the most favourable pore filling. Any
nanoporous material by itself is not sufficient for successful gas storage application, they
must meet a number of additional requirements. Currently, the lack of the reasonable
adsorbent inspires countless researches on adsorbent development for this technology
[34-39].
2.1.1

Adsorbent requirements

As a condition of economical application, the US Department of Energy (DoE) has
established the technical performance targets for hydrogen and methane uptake which
ensure adequate energy densities. Volumetric targets in hydrogen storage systems has
been established for different applications such as onboard light-duty vehicles
(0.050 kg H2/dm3 system) [40], rechargeable portable power applications
(0.04 kg H2/dm3 system) [41] and material handling equipment (0.05 kg H2/dm3 system
[42]. Gravimetric and volumetric DoE targets are also available in terms of methane
adsorption capacity (0.5 g CH4/g adsorbent; 263 cm3 CH4/cm3 adsorbent at 35-65 bar,
room temperature) for natural gas storage in alternative fuel vehicles [43, 44]. To meet
these crucial targets, several aspects need to be considered in the design of adsorbents.
Kaneko et al. formulated the requested properties for nanoporous materials [19].
Firstly, for reaching high adsorption capacity, the adequate pore structure is essential, as
the adsorption potential of methane, hydrogen and carbon dioxide is a function of the pore
structure. Wider micropores and narrow mesopores seems to be optimal pore sizes and
slit-shaped micropores would be preferred. High kinetics of adsorption and desorption is
also required, as the fast availability of the micropores is crucial. In the case of powder
adsorbents, only microporous materials would work, where the micropores are externally
directly accessible for the target gases. Powders, however, are not desirable in an practical
point of view, furthermore the idle interparticle space would significantly reduce the
volumetric adsorption capacity of the system. On the other hand, only microporous
monoliths are also problematic. The lack of larger pores, which could provide the
interconnection to the inner micropores, greatly reduces the rate of adsorption and
desorption. Therefore, monolithic adsorbents with hierarchical pore systems are the most
15

State-of-the-art

promising structures. In terms of practical application, such as onboard vehicle
transportation, continuous operation is a reasonable expectation, i.e. the storage should
be reversible. Also, the storage and delivery or the working capacity (the accessible
amount of the stored) must be constant. Since the tank volume is also determinative, high
packing density is recommended. Thus, maximizing the amount of gas adsorbed in the
minimum volume of adsorbent is one of the main challenges [19].
Besides the adsorption properties, inertness, mechanical and chemical stability of the
sorbents are naturally crucial. Finally, we cannot forget about thermal management.
Physical adsorption is exothermic, it involves heat generation and the occurring
temperature rise of the adsorbent reduces the effectiveness of the adsorption and so the
storage capacity. Similar problem arises during the discharge of the stored gas, while the
desorption is endothermic, and the decreasing temperature lower the discharging rate and
the desorbed gas amount. Therefore, numerous researches aimed at increasing the thermal
conductivity of the sorbents to dissipate the heat evolved/supplied during the
adsorption/desorption process [19].
2.1.2

Nanoporous materials for adsorption gas storage

A wide range of nanoporous materials has remarkable potential in adsorption gas
storage. Among them, carbonaceous adsorbents, which are predominantly constructed
from carbon atoms, create an enormous class with diverse structures and properties.
Generally, they have the advantages of high specific surface area and pore volume,
tuneable porosity, thermal and chemical stability, and most of them are hydrophobic in
nature and so their adsorption efficiency is not affected in the presence of moisture.
Moreover, wide range of preparation methods from a large set of precursors are available.
They enjoy great popularity in adsorption related applications [36, 37, 45, 46]. Many of
their representatives including pyrogenic carbon materials (biochar, charcoal, carbonized
biomass,) [47-50], porous activated carbons [50-53], carbon aerogels [54, 55] and ordered
porous carbons carbon nanotubes, graphene and graphene derivatives) [56-59], show
promising performance in the adsorption and storage of clean energy gases or carbon
dioxide. Noteworthy, that activated carbons potentially can reach the DoE targets for CH4
storage [52].
Non-carbonaceous adsorbents include among others zeolites, microporous organic
polymers and metal-organic frameworks (MOFs). Zeolites, natural or synthetic
microporous aluminosilicates are well-known commercial adsorbents with outstanding
hydrothermal stability, moderate specific surface area and porosity. The interconnecting
channels and cages forms of the building blocks form a network of well-defined pores
16
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with sizes in the range of molecules of industrial interests. In their structure
([SiAlxO2]x− M+x), the negative charge of the rigid, silico-aluminate framework is
compensated by the cations (M+). The tuneable polarity of the framework, the presented
various active sites and the particular porous structures provide a unique shape-selective
effect toward the adsorption of CO2, but they are extensively studied for the capture of
H2 and CH4 as well. [53-63]. Their application under humid conditions is challenged by
the high adsorption affinity of water [60].
Microporous organic polymers (MOPs), which are also referred as porous organic
polymers, porous organic frameworks or nanoporous organic polymer networks in the
literature, are prominent representatives of nanoporous materials in terms of their low
density associated with high surface area and porosity. One of the most attractive features
of MOPs is the outstanding structural and functional diversity, due to the wide variety of
the organic ligands and possible synthesis methods. MOPs include amorphous materials
like hyper-crosslinked polymers [64], conjugated microporous polymers [65], polymers
of intrinsic microporosity [66] and crystalline materials as covalent organic frameworks
[67, 68]. Thanks to their tuneable and outstanding pore structure, all representatives have
achieved remarkable results in gas adsorption [69-71].
Metal-organic frameworks (MOFs) also can be considered as MOPs. But significant
difference is that in their hybrid crystalline structures metal ions or clusters are linked
together through the organic ligands by coordination bonds. Thus, they are also named as
porous coordination polymers in the literature [72, 73]. In spite of their low hydrothermal
stability MOFs are one of the most promising materials in terms of hydrogen and methane
storage as well as carbon dioxide sequestration [4, 74-76].
2.2

Metal organic frameworks (MOFs)

Metal-organic frameworks are a new generation of nanoporous materials. In the early
90s, Yaghi and Li reported the synthesis of the first three-dimensional MOF [77]. Later,
in 1999, two archetypical MOFs, MOF-5 (Fig. S1a) [78] and HKUST-1 (Fig.4 and S1b)
[79] were synthesized, symbolizing the benchmark in MOF chemistry. In 2012, NU-110
(Fig. S1c) was prepared with the highest measured apparent surface area of 7140 m 2/g
among MOFs [80]. This world record was only broken 2 years ago, in 2018, by DUT-60
(Fig. S1d) with the apparent surface area of 7800 m2/g [81]. Besides the high surface area,
their unique structures, ordered pore network, tuneable porosity, accessible metal active
sites, outstanding diversity and countless application possibilities make them particularly
attractive to scientists. Undoubtedly, over the past two decades research on MOFs is
extremely intensive. Thanks to the wide variety of organic ligands associated with the
17
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extensive range of transition metals (compared to zeolite materials), about 70,000
synthesized structures are already identified in the Cambridge Structural Database. MOF
related researches not only grow year by year but also become more and more diversified
[82].
There are no defined rules for naming MOFs. Typically, two strategies are used:
MOF+number abbreviation, like MOF-5 or acronym+number abbreviation, where the
acronym usually denotes that university where the MOF was first prepared, like
HKUST-1, NU-110 or DUT-60. In many cases the origin of the name cannot be traced
back or acronym description not available. Information on the structure of MOFs is
summarized in Figure S1.
2.2.1

Structure and properties

Metal-organic frameworks are built up from larger periodically recurring structural
arrangements of metal ions or clusters (metal nodes) connected by electron donor
heteroatoms to the organic ligands/linkers through coordination bonds. These metal nodes
are widely designated as secondary building units (SBUs), although the organic linkers
can also be viewed as SBUs geometrically. The diversity of the developing lattice
structures and the corresponding SBUs and organic linkers are shown in Figure 4 [83].
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SBU (M: metal)

Name

Lattice
structure

Organic ligand

Figure 4. Secondary building unit examples of some MOFs. (Atom definition:
blue – metal, red – oxygen, purple – nitrogen, grey – carbon.) [after 83]
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Evidently, the organic ligands define the voids within the solid phase and thus the
pore network of the open framework. The considered selection of the building blocks
provides the opportunity to the extensive design of physiochemical inner surface
properties and thereby establishing such a large variety in topologies and structures.
In terms of structural properties, the organic compounds are preferably aromatic, but
they can be aliphatic too. According to the donor heteroatoms, they could be oxygenated,
typically carboxylates or perhaps phosphonates, sulfonates and phenolates or
nitrogenated such as imidazolate. Transition metal-based MOFs are the most widespread,
but alkali, alkaline-earth, and rare-earth metal-based ones exist as well [83-87]. The
formed neutral three-dimensional structures are mostly insulators or semiconductors, but
several attempts have been made to design conductive MOFs to utilize metal ions as redox
active centres in electrochemical reaction-based applications [88, 89]. The presence of
open metal sites (OMSs), also referred as coordinatively unsaturated sites or open
coordination sites may provide an additional interesting structural feature. The concept
of free coordination sites is well-functioning in classical coordination chemistry or
organometallic chemistry. When, for example, five coordination sites of the metal ion are
saturated with the coordinative organic ligands, but the expected coordination number of
the metal ion is six, the unoccupied site is an OMS. OMSs may represent the strongest
binding sites in the MOF and allow intense or even selective interactions with several
substrates. Thus, OMSs broaden the range of applications compared to “regular” MOFs
without OMSs and thus represent a remarkable branch of research [90-92]. HKUST-1,
the already mentioned iconic MOF, was the first MOF with OMSs synthetized [79].
Stability
Key features of MOFs are undeniably their hybrid crystalline nature (metal nodes,
organic ligands). Their tailorable and functionalisable open pore structure associated with
permanent porosity result in high apparent surface area and large micropore volume.
However, due to their complexity, it is very difficult to foresee their chemical, thermal
and mechanical stability. Although, the comparison of the experimental results and
theoretical approaches so far allow the formulation of certain rules. [93-95].
Chemical stability refers to the resistance against different chemicals, such as water,
acids, bases, solvents, etc. in the operation environment. Generally, MOFs suffer from
low water resistance, which mostly limit their use not only in practical applications
requiring direct contact with water, but also in processes where the presence of moisture
is unavoidable. Based on experimental results, certain trends have been observed that can
help to increase the chemical stability of MOFs [87, 96-98]. Low et. al investigated the
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hydrothermal stability of a series of MOFs: MOF-5, HKUST-1, ZIF-8 (Fig. S1e),
Al-MIL-110 (Fig. S1f), Zn-MOF-74 (Fig. S1g) , MOF-508b (Fig. S1h),
Zn-BDC-DABCO (Fig. S1i), Cr-MIL-101 (Fig. S1j), Al-MIL-53 (Fig. S1k). Their
experimental and theoretical study concurringly confirmed that the metal − carboxylate
coordination bond (such as in HKUST-1) was less stable then the metal − imidazolate
coordination (such as in ZIF-8). Furthermore, higher coordination of metal ions results in
better inhibition of water access to the bond and higher oxidation states of the metals
leads to stronger interactions [99]. Consequently, the stability against water mainly relies
on the strength of the metal − ligand coordination bonds. This conclusion is also true for
chemical stability. Using cations with high oxidation states and high charge densities
and/or highly complexing organic ligands leads to stronger interactions between the metal
cation and the linker and thus chemically more stable structures. Following these
directives, a large number of water-stable MOFs have been prepared [26, 96, 100].
In terms of thermal stability, thermal degradation in most MOFs results in the
breakage of the metal − ligand coordination bonds, followed by the combustion of the
organic linker. Although amorphization, melting, node-cluster dehydration, linker
dehydrogenation or graphitization are also possible phenomena during heating.
Experimental studies indicate that, in terms of thermal stability, strong coordination
bonds and metal ions with high oxidation states are advantageous. The incorporation of
short aromatic organic linkers and metal ions with stable oxidation sites, as well as the
creation of defect-free dense structure, avoiding large cavities, expectedly improves the
thermal stability. Generally, MOFs have moderate thermal stability. The most thermally
stable MOFs preserve their crystalline pore structure above 500 °C [87, 97].
Most researches, especially in the early stage, focused on the preparation of MOFs
with extended porosity. Obviously, the increased porosity is associated with inherently
weakened mechanical stability. At this point it is important to note for understanding, that
MOFs are usually synthetized in solvent medium thus the pore structure of the as received
network is occupied with solvent molecules, which must be removed to get the pure
framework. Initially, it was found that MOFs can lose their crystallinity during the
removal of these guest molecules, which is probably the main stability issue of MOFs.
To avoid this kind of degradation, supercritical carbon dioxide is used for the careful
removal of the solvent [101]. Generally, high structure densities with minimalized
porosity result in enhanced mechanical stability [87, 96, 97].
Flexible, breathing MOFs also exist. Their framework has multiple (meta)stable states
and the size and shape of their pore change in the presence of guest molecules. This
breathing effect also leads to minimalized capillary-force driven damage [4, 102, 103].
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Mechanical properties such as elasticity, hardness, plasticity or fracture toughness are not
among the “standard” physical characteristics typically reported for MOFs, mostly
because of the experimental difficulties due to the small crystal sizes. Nevertheless, more
review articles deal with the systematic efforts that were made in measuring the
mechanical properties of MOFs [104-107].
Besides the traditional three-dimensional frameworks, investigation of low
dimensional MOFs such as ultrathin 2D MOF nanosheets or 1D MOF nanofibers with
improved thermal stability, electrical conductivity and mechanical properties, high
flexibility, and highly exposed surface area with enhanced atomic utilization of active
sites, have also been at the spotlight in the last ten years [108-111].
It is very difficult to find a balance between structural stability and properties. The
features that determine the application and the stability required for certain circumstances
of use are always a matter of compromise. Fortunately, there are several options to
synthesize, tailor and functionalize the metal-organic frameworks.
2.2.2

Preparation

MOFs are usually produced by the self-assembly process of dissolved metal ions and
organic linkers in a proper solvent or solvent mixture. Which is followed by filtration of
the resulting crystals, commonly in powder form. In terms of applications, the decisive
final step is the “activation” of the open frameworks. Due to the porous nature and high
adsorption capacity of MOFs, after the synthesis, solvent molecules occupy significant
part of the pore system and moreover coordinate to the open metal sites. Activation means
the liberation of the whole pore network and the metal related active sites from the
undesirable guest molecules, while maintaining the structural integrity of the MOFs. The
activation strategies include conventional heating in vacuum, solvent-exchange,
supercritical CO2 exchange, freeze-drying and chemical treatment [92, 101].
With the development of the research area, the wide range of preparation processes
are available (Fig. 5) [86, 112-114].

Figure 5. History of MOF preparation methods. [after 112]
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Solvothermal synthesis is the most common strategy. As its name implies, includes
the heating of the precursor (metal salt and the organic compound) solution in a closed
vessel (e.g. teflon-lined autoclave) under autogenous pressure, above the boiling point of
the solvent or solvent mixture. The conventional solvents are water, alcohols, acetone,
acetonitrile and further organic liquids, such as N,N-dimethylformamide (DMF),
N,N-diethylformamide and 1-methyl-2-pyrrolidone or there mixtures (e.g. DMF/ethanol,
DMF/water) [86, 115]. The properties and so the yield of the resulting MOFs are affected
by numerous parameters such as the type of the metal salt and the solvents, ratio of the
precursors, concentration, relation of the vapour/liquid phase (is sealed autoclave),
reaction temperature and time [112, 116]. The pursuit of sustainability can also be
observed in the emerging synthetic methods in terms of using mild conditions,
environmentally friendly solvents or even solvent-free technologies and the design of
rapid, high yield, low waste synthesis routes. Electrochemical synthesis is a mild and
rapid process and offers the preparation of MOFs both in batch mode and in continuous
flow operation [117]. Mechanochemical synthesis may be absolute solvent free or uses
only a catalytic amount of solvent, and the chemical reaction is promoted by the
mechanical force of grinding [118]. Continuous flow chemistry provides faster and safer
reaction, cleaner products and more importantly easy scale up, thus, it provides the
possibility to eliminate the well-known limitation of MOFs namely the large-scale
production. The reagents are pumped together at a mixing junction and flew through a
temperature-controlled tube, where the reaction takes place [119, 120].
The optimization in none of the procedures is an easy task in small laboratory-scale
either, but the transpose into large industrial-scale is more difficult. This may explain that
only a handful of researches focus on industrial scale-up concepts, despite the fact that
much of them are related to the application possibilities of MOFs in more industrial
environment. Wang et. al reported the first large-scale synthesis in 2002 [121]. They
produced HKUST-1 under solvothermal conditions with 213 kg/m 3.day space-time yield
(STY). Later, one-pot [122, 123] and hydrothermal synthesis [124], proved to be suitable
for large-scale HKUST-1 production with higher STY. In terms of new technologies for
large-scale preparation of MOFs, breakthrough was achieved again with the synthesis of
HKUST-1 by electrochemical [125], continuous flow [119] and a mechanochemical
process called twin screw extrusion [126] technologies. For the latter, 144 000 kg/m3.day
STY was attained, with high crystal quality and adequate apparent surface area of the
product. Obviously, outstanding results have been also accomplished in case of other
MOFs (MOF-5; IRMOF-8 (Fig. S1l); UiO-66 (Fig. S1m); ZIF-8; Al(fumarate)(OH) (Fig.
S1n)) [126 - 129]. HKUST-1 and ZIF-8 are commercially available as Basolite® C 300
and Basolite® Z1200 respectively. Al-MIL-53 (Basolite® A100), Fe-BTC
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(Basolite® F300; Fig. S1o) and MOF-177 (Basolite® Z377; Fig. S1p), are also produced
by BASF company (Baden Aniline and Soda Fabric) [130]. Moreover, several start-up
companies have appeared on the market that produce MOFs or MOF-based materials [75]
such as Moftechnologies [131], Farmergy [132], novoMOF [133], MOFWORX [134],
ACSYNAM [135], Immaterial [136], Mosaic [137], NuMat Technologies [138],
Promethean Particles [139] and Water Harvesting Inc [140].
Design of MOFs
As already mentioned, the primary step to design MOFs with desirable features is the
selection of the proper SBUs and suitable synthesis. Several further possibilities are
available to functionalize and tune their structures in order to improve their chemical,
thermal or mechanical stability, furthermore to develop appropriate properties for
versatile applications. Such strategies include isoreticular synthesis, modulated synthesis
and post-synthetic modification (PSM).
Isoreticular synthesis has proved to be an ideal technique for the expansion of the
metrics of a known MOF, maintaining the underlying topologies. The firstly synthetized
object-lesson of these types of MOFs is the IRMOF series, in which MOF-5 (or
IRMOF-1) was the initial structure [141]. The yellow spheres in Figure 6 represent the
so-called van der Waals spheres that would fit in the cavities without touching the
framework and often used to visualize the pore size. By using the same organic ligand
decorated with functional groups which are pointing into the voids like in IRMOF-2
(Fig. S1q) or changing the length of the organic ligand, the pore polarity and size can be
varied within wide limits. This is well observable by the comparison of the “pore sizes”
of IRMOF-5 (Fig. S1r) and IRMOF-16 (Fig. S1s).

Figure 6. Structure of some representatives of IRMOF series. (Zn nodes: blue
polyhedral; O: red; C: black; Br: green in IRMOF-2; yellow spheres: Waals
spheres. [after 141]
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Obviously, the presence of different groups inside the pores results in variant chemical
environments providing novel functionalities [141-144].
The modulated synthesis is an excellent strategy for controlling the size and/or
morphology of the MOF crystals at microscopic level. In 2009, Kitagawa et al.
demonstrated that the crystal growth can be controlled by using a modulator with the
same chemical functionality as the organic linker [145]. In this strategy, the modulator
reversibly coordinates to the metal ions and so influences the coordination equilibrium.
Such a competitive modulating agent slightly inhibits the crystal nucleation, decelerates
the reaction and thus allows the correction and regulation of structural defects in the
self-assembly reaction, resulting in increased crystallinity [144-146].
Post-synthetic modifications offer several possible routes for subsequent change of
the MOF structures by conducting further reaction with the metal nodes or the organic
ligands while the crystalline state and crystal morphology are retained. PSM techniques
include the functionalization of the metal ions or the organic linker via covalent or dative
bond formation with different substrates, moreover the complete exchange of these
building blocks to others. Thus, the method enables the formation of MOFs that cannot
be obtained by direct synthesis. The properties of the resulting new structures such as
porosity, surface-chemistry, chirality, stability, hydrophobicity, sorption and catalytic
properties, luminescence and magnetism could significantly alter [144, 147-150].
These strategies have an important role in the stability improvement of MOFs.
Lah et. al prepared Zn-HKUST-1 (Fig. S1t) and Zn-PMOF-2 (Fig. S1u) with the partial
or complete replacement of Zn2+ ions to Cu2+ by transmetalation The irreversibility of the
process showed that copper ions improved the thermodynamic stability [151]. The same
research group also synthetized isostructural ITHD (acronym description not available)
(M6(btb)4(bp)3 (where M: Zn(II), Co(II), Cu(II), Ni(II); btb: 1,3,5-benzenetribenzoate; bp
= 4,4′-dipyridyl, Fig. 4) MOFs, by transmetalation of ITHD(Zn) (Fig. S1w). The best
framework stability was achieved with copper incorporation [152]. Yang et. al also
demonstrated, that the mechanical stability can be improved by metal exchange. They
prepared zinc based SDU-1 (acronym description not available: Fig. S1v).After thermal
activation, really low apparent surface area was observed, which indicated the structural
collapse during the activation process. To improve the stability, they used metal-ion
metathesis in a single-crystal to-single-crystal (SC-SC) fashion to change the Zn2+ ions to
Cu2+. The obtained Cu-SDU-1 possessed over three times higher apparent surface area
than SDU-1, which obviously enhanced its hydrogen and methane adsorption capacities
[153]. Functionalization of an existing MOF could prevent the accessibility of the
coordination bonds for destructive molecules and/or increase the hydrophobic character
of the inner surface to improve water resistance [154-156]. Al-Janabi et. al saturated the
25

State-of-the-art

open metal sites of HKUST-1 with glycine (Gly) by simple and economical PSM method.
The resulted Gly-HKUST-1 with 28 wt% glycine content showed improved
hydrophobicity in dynamic water vapour adsorption, but its apparent surface area and
pore volume significantly decreased [157].
As shown, MOFs are outstanding among nanoporous materials because of their highly
tuneable pore size and functionality. There are innumerable methods available to design
MOFs, which not only determines their properties and stability, but thereby their diverse
application possibilities.
2.2.3

Applications

Scientists are trying to utilize the unique hybrid crystalline pore system of MOFs in
numerous research areas (Fig. 7).

Figure 7. Widespread application of MOFs. [26]
In terms of catalytic applications [96, 158] MOFs are studied in several fields such as
photocatalysis, e.g., photocatalytic CO2 reduction to photosynthesize carbon-containing
chemicals [159], catalytic decomposition of toxic species [160] or photocatalytic
hydrogen production from water [159-161]. MOF-based sensors for ions, gases,
antibiotics, biomolecules, explosives, organic volatile and organic energetic compounds,
or for temperature sensing has been also investigated [96, 111, 162, 163]. Using MOFs
in water purification [26, 109, 160, 164], in biomedical application (as bioactivecompound carriers, cell-imaging materials, therapeutic agents) [95, 96, 165], in green
energy generation and storage (e. g. solar harvesting) [166, 167] and in electrochemical
energy storage and conversion (batteries [159], supercapacitors [160, 168] and fuel cells
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[159, 168]) are also extensively researched areas. A relatively new field is the water
adsorption from ambient air for humidity control and water harvesting in regions
suffering from water shortages [75].
Undoubtedly, application of MOFs in gas separation and storage is the most widely
studied field. MOFs are promising in purification of complex feedstock mixtures,
adsorption of toxic industrial chemicals such as ammonia, sulphur dioxide, hydrogen
sulphide, chlorine and nitrous oxides or in biogas upgrading by CO 2 adsorption.
Separation, capture and storage of CO2 plays an important role in environmental
remediation as well. MOFs have great potential in the storage of alternative clean energy
gases such as methane and hydrogen (Fig. 8) [66, 31, 75, 160, 165].

Figure 8. MOFs for gas adsorption and separation. [after 114]
Carbon dioxide adsorption
MOFs have been extensively investigated for the capture and separation of CO 2.
Several favourable structural properties have been specified which mainly contribute to
their high carbon dioxide adsorption capacity and selectivity, based on experimental and
computational data [169]. Generally, besides their apparent surface area and pore volume,
the size and polarity of the pores and, the presence of open metal sites are the determining
properties. By creating pores with sizes close to the kinetic diameter of CO2 (0.330 nm)
the isosteric heat of adsorption, which is related to the strength of the adsorbate −
adsorbent interactions, and thus the adsorption capacity can be increased. Moreover, it
enables the separation of CO2 from gases with similar kinetic diameter, such as N2
(0.364 nm) and CH4 (0.380 nm), based on size/shape exclusion utilizing molecular
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sieving effect (kinetic separation). On the other hand, the adsorption affinity of CO 2 with
high quadrupole moment can be increased against non-polar molecules (N2 and CH4) by
the polarization of the pores. Attachment of amine, sulfonate, phosphonate polar groups
or open nitrogen sites on the backbone of the framework proved to be the most effective
functionalization. Besides, strong interactions between the metal ions and the organic
ligands results in more ionic coordination bonds thus generating more polar environment.
The presence of coordinatively unsaturated open metal sites with Lewis-acidic character
is also favourable, since they act as specific coordination sites for CO 2 adsorption
(thermodynamic separation). Although, under humid conditions, competitive adsorption
develop between the H2O and CO2 molecules, which challenges the application of MOFs
with such structural feature. To prevent the adsorption of water, hydrophobic frameworks
have been also constructed with high CO2 selectivity over H2O, but the lack of strong
binding sites for CO2 results in poor CO2 adsorption capacity. [26, 76, 166, 169-171].
Ghanbari et al. summarized the performance of different MOFs in terms of CO 2
adsorption capacity and isosteric heat of adsorption to date at low and high pressures.
At lower pressure the specific interactions between the CO2 and MOFs are dominant,
while at high pressure CO2 adsorption the overall pore volume is more relevant. Thus,
excellent adsorption capacity at high pressures does not necessarily mean good
performance at lower pressure range and vice versa. [76]. Among MOFs, M-MOF-74
(Fig. 1Sg) series (M = Ni, Co, Mg), especially Mg-MOF-74 has prominent CO2
adsorption capacity at low pressure. Wu et al. compared the adsorption performance of
Ni-MOF-74 and Mg-MOF-74 prepared by hydrothermal and microwave assisted
methods. Both MOFs obtained from the microwave synthesis showed higher CO 2
adsorption capacity compared to the hydrothermally synthetized material. At the same
time, the adsorption capacity of Mg based MOF was twice as high as the Ni analogue
produced under the same conditions. Mg-MOF-74 obtained by microwave assisted
process showed outstanding CO2 capacity with 9.95 mmol/g at 1 bar 25 °C [167].
Following the MOF-74 series, the CO2 adsorption capacity of HKUST-1 is also among
the best. Aprea et al. compared the CO2 adsorption performance of commercial
13X zeolite and synthetized HKUST-1 under atmospheric pressure, at different
temperatures. They found that both adsorbents possess a high CO 2 selectivity against N2.
At lower temperatures (10 and 20 °C) the CO2 adsorption performance of HKUST-1
(~7.1 and ~5.6 mmol/g respectively) clearly exceeds that of 13X zeolite (~4.9 and
~4.5 mmol/g respectively), but with increasing temperature, the CO 2 uptake of HKUST-1
significantly reduced to ca. 2.8 (45 °C) and ca. 1.4 mmol/g (70 °C) while the decrease is
milder at the zeolite Therefore, at ambient temperature HKUST-1 has a great potential in
CO2 adsorption [172]. Li et al. prepared UiO(bpdc) (Fig. S1x) using N-heterocyclic
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carboxylate ligand (bpdc: 2,2-bipyridine-5,5-dicarboxylate). In its framework the
bipyridyl groups were incorporated as free Lewis basic sites. The high pressure (20 bar,
20 °C) CO2 adsorption capacity of UiO(bpdc) with 79.7 wt% is one of the best among
MOFs, although it has only moderate capacity (8 wt%) at 1 bar [173].
Hydrogen storage
Firstly in 2003 Rosi et al. raised the idea of using MOFs in hydrogen storage. They
reported, that the H2 uptake of MOF-5 under 20 bar was 4.5 wt% (22.5 mmol/g) at -195 °C
and 1 wt% (5 mmol/g) at 25 °C [174]. Since then, hundreds of MOFs have been
investigated for hydrogen storage and great effort has been invested into the improvement
their H2 adsorption. Initially, high hopes were placed for MOFs owing to their large
apparent surface area and micropore volume, but the weak van der Waals interactions
between the MOF structures and H2 molecules highly challenged this application. Several
studies focus on the reinforcement of these interactions. Obviously, pore size close to the
kinetic diameter of H2 (0.289 nm) strengthen the intermolecular bonds. MOFs with open
metal sites, especially with Mg, Mn, Fe, Co and Ni, are also promising because of the
higher isosteric heat of adsorption (Qst) of H2 at these metal sites (-10 < Qst < -13.5 kJ/mol)
than at the pores (Qst~-3.8 kJ/mol) [90]. In terms of the organic linker, aromatic rings in
their structure is preferable [5, 11, 175].
HKUST-1 and NU-100 (Fig. S1y) are both copper based MOFs with open metal sites
and aromatic ring containing organic linkers. HKUST-1 has great H2 adsorption potential
of 2.9 wt% at -196 °C an atmospheric pressure. But its maximal uptake at 26 bar is only
4.1 wt% [176]. In comparison, NU-100 has lower adsorption capacity (1.8 wt%) under
atmospheric pressure at -196 °C, but at 26 bar it increases to ca. 7.5 wt% [177]. It clearly
shows, that at lower pressure H2 favourably adsorbs in the smaller pores (0.5, 1.1 and
1.35 nm) of HKUST-1 [178] compared to the relatively large pores (1.4, 2.4, 3.0 nm Å)
of NU-100 [177]. At higher pressures the greater apparent surface area (HKUST-1:
1500 m2/g for, NU-100: 6150 m2/g) is more advantageous. Besides, NU-100 possesses
remarkable H2 uptake of 9.95 wt% (56 bar) among MOFs [177].
Langmi et al. [11], Li et al. [5, 31] and Czarna-Juszkiewicz [175] summarized the
H2 adsorption performance of MOFs. Considering that H2 uptake of MOFs at -196 °C and
at high pressure is generally about 5-10 wt% and their volumetric capacity is
0.04-0.06 kg/dm3, they can potentially meet the DoE targets of onboard light-duty
vehicles (0.050 kg H2 /dm3 system and 6.5 wt%) [40]. Unfortunately, under the
DoE objectives of operating conditions at ambient temperature (-40 - 60 °C) the
performance of MOFs is far from satisfactory with about 0.1-1 wt% gravimetric and less
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than 0.015 kg/dm3 volumetric H2 capacity [11]. Nevertheless, with the achievements
made so far, the huge structural diversity of MOFs and with the growing interest in MOFs
and MOF-based materials, they have still great potential in hydrogen storage [45, 75, 76].
Methane storage
The gravimetric and volumetric DoE targets for adsorbed natural gas (ANG) storage
are 0.5 g CH4/g adsorbent and 263 cm3 CH4/cm3 adsorbent, respectively at 35-65 bar at
25 °C [31, 41, 42]. MOFs are clearly at the forefront among nanoporous materials in this
field [179]. Primarily the porosity determines the CH4 adsorption capacity in MOFs. Fine
tuning of pore size and shape enables to enhance the occurring adsorbate − adsorbent van
der Waals interactions and thus the CH4 uptake. Although CH4 molecules evolve stronger
bindings through electrostatic interactions with open metal sites, their presence is not
necessary to reach a remarkable uptake [5]. For instance, the volumetric adsorption
capacity of the OMS-free MAF-38 (acronym description not available: Fig. S1α) with
226 cm3/cm3 at 35 bar, 25 °C [180] is the best besides the OMS-containing HKUST-1
(227 cm3/cm3) [181]. Based on empirical data, the higher pore volume and apparent
surface area correlate linearly with the gravimetric CH4 uptake [182]. Greater porosity
means larger nanospace in the framework, which results in reduced volumetric capacity.
Since, in passenger vehicles the place is limited for the fuel tanks, to achieve high
volumetric CH4 capacity is more important. Optimizing the framework density and
porosity is essential to capture as much methane as possible in the smallest volume and
mass unit [31, 76]. Elongating the organic ligands and introduction of functional sites
which ensure stronger van der Waals interactions with CH4 molecules proved to be
effective strategies in increasing CH4 adsorption capacity. Based on these considerations,
Wen et al. constructed UTSA-100a (Fig. S1z), which has well balanced gravimetric
(0.283 g/g) and volumetric (241 cm 3/cm3) methane adsorption capacity at 65 bar, 25 °C
[183]. From application point of view the working or deliverable capacity is another
important parameter, since it determines the driving range of ANG driven vehicles. The
working capacity is basically the methane amount usable from the fully loaded tank. The
maximum adsorption pressure or service pressure is set to 35 or 65 bar because these can
be simply achieved by low-cost single-stage or two-stage compressors. The vehicle
engine requires a minimum inlet fuel pressure to operate limiting the desorption pressure
ideally at 5-5.8 bar. Thus, the deliverable capacity is the methane released while the
pressure decreases from the service pressure to the desorption pressure [74, 184]. Flexible
or breathing MOFs offer impressive solutions for the enhancement of the working
capacity. In flexible MOFs the pore expansion via reversible structural phase transition
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may occur in response to a specific methane pressure (gate opening pressure) during the
methane loading (Fig. 9).

Figure 9. Pore opening of Co(bdp) flexible methane organic framework (copper:
grey, nitrogen: blue, cobalt: purple). [after 195]
Thus, below the gate opening pressure the CH4 adsorption is poor, but suddenly the
CH4 uptake increases at higher pressures as a result of pore expanding. During desorption
when the low pressure is achieved the pores collapse and thus squeeze out the adsorbate.
Obviously, gate opening pressure designed close to the limiting desorption range (5-5.8
bar) increases the working capacity [31, 74]. Mason et al. reported the methane adsorption
performance of Co(bdp) (Fig. S1β) flexible MOF [185]. It was found that the CH4 uptake
of Co(bdp) is moderate 163 cm3/cm3 and 205 cm3/cm3 at 35 and 65 bar, respectively.
Thanks to the gate opening effect, it performed 155 cm 3/cm3 (35 bar, 25 °C) and
197 cm3/cm3 (65 bar, 25 °C) CH4 delivery, thus ca. 95% of the adsorbed gas can be
utilized. Moreover, its deliverable capacity slightly exceeds that of the most promising
MOFs such as HKUST-1 with working capacities 150 cm3/cm3 at 35 and 197 cm3/cm3 at
65 bar, respectively.
Top-performing MOFs achieved really encouraging success in CH 4 adsorption
(Fig. 10) [31, 74]. The outstanding gravimetric performance of Al-soc-MOF-1 (Fig. S1γ)
is 0.414 g/g at 65 bar with the highest working capacity of 0.370 g/g approaching the
gravimetric DoE target [186]. However, in terms of volumetric performance, it exhibits
only 197 cm3/cm3 uptake at 65 bar with 176 cm3/cm3 working capacity. The relevance of
MOFs in methane storage is mostly supported by the fact that the performance of
HKUST-1 with highest volumetric capacity of 270 cm 3/cm3 (associated with one of the
best reported working capacities of 190 cm 3/cm3) actually reaches the volumetric DoE
target [181]. However, its 0.216 g/g gravimetric capacity (with 0.154 g/g working
capacity), is far from ideal and must be improved.
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Figure 10. Gravimetric and volumetric CH4 adsorption capacities of
top-performing MOFs (25 °C, 65 bar). [after 183]
2.3

Further MOF related composites and materials

The impressive chemistry of MOFs has also designated new research directions. On
the one hand, to improve the properties of MOFs, an engaging field has emerged, namely
the preparation of MOF based composites. In associated systems, the weak points of
MOFs can be eliminated and new physical and chemical properties may develop by
synergistic effects [159, 168, 187, 188]. The combination of the desirable features of
MOFs with unique catalytic, optical, electrical, magnetic properties or mechanical
strength of diverse functional materials such as quantum dots [189, 190], metal
nanoparticles [191-193], polyoxometalates [194, 195], enzymes [196-198], various
carbon materials [199-202], silicas [203], polymers [204], different monoliths [205] make
it possible to broaden the fields of application.
MOFs have also inspired a new route in the development of nanomaterials. From a
certain point of view, MOFs can be considered as organic matrixes with periodically
dispersed metal ions. Thus, several researches focus on the preparation of metal oxide
and metal hydroxide nanoparticles, carbon nanostructures or complex metal oxide/carbon
nanocomposites, using MOFs or even MOF based composites as sacrificial structures for
instance in pyrolytic procedures[111, 159, 206-210].
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2.4

HKUST-1: Copper benzene-1,3,5-tricarboxylate

Copper-1,3,5-trycarboxilate was firstly synthetized by Chui et. al. in 1999. They
reacted Cu(NO3).3H2O with trimesic acid (H3btc: benzene-1,3,5-tricarboxylic acid) in
ethanol-water mixture (1:1) under solvothermal conditions (180 °C, 12h). In addition to
the formed MOF crystals, Cu metal and CuO2 were identified in the product. The obtained
MOF was named after Hong-Kong University of Science and Technology as HKUST-1
[79]. Since then, HKUST-1 is one of the most widely investigated MOFs, it is also
referred in the literature as Cu3btc2, CuBTC or MOF-199 and commercially available as
Basolite® C 300 by BASF [130].
HKUST-1 is constructed of copper(II) ions and benzene-1,3,5-trikarboxylate (btc3-)
organic ligands (Fig. 11). From a theoretic point of view, the electron neutral structure
results of the charge equalization of two Cu 2+ ions and three btc3- ligands which justifies
the Cu3btc2 designation.

Figure 11. Structural formation on HKUST-1. C: grey; O: red; Cu: blue; H:
white; van der Waals spheres: purple (0.5 nm); yellow (1.1 nm); green (1.35 nm);
H2O molecules coordinated to open metal sites in the SBU: in pink ellips. [after
211 and 212]
In fact, two copper(II) ions form coordination bonds with one-one carboxylate group
of four btc3- ligands in its so-called paddle-wheel secondary building units (Fig. S2).
Thus, each copper atom has one coordinatively unsaturated site. Figure 11 illustrates an
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SBU in which these open metal sites are occupied by water molecules coordinated in
axial position (Fig. S2). 3D network composed of SBUs is characterized by three pore
sizes of 0.5, 1.1 and 1.35 nm [211, 212].
Most commonly HKUST-1 is prepared under solvothermal conditions using copper
salt and H3btc in precursor solutions. But several parameters affect the reaction efficiency
and the product quality [213]. For example, lowering the reaction temperature is not only
energetically beneficial but prevents the formation of undesirable Cu and Cu2O
by-products [121]. Following the reaction, the formed crystals are usually washed with
pure solvents in several steps to remove unreacted components and light blue powder
product is obtained by filtration. The whole pore structure can be released from adsorbed
solvent molecules at elevated temperature (100-180 °C) in vacuum. The activation of the
crystal structure is accompanied by characteristic colour change (from turquoise to dark
blue), which indicates alteration in the coordination sphere of the copper ions, i.e. the
formation of open metal sites [214, 215]. Since activation cause no structural
decomposition, HKUST-1 exhibits great chemical stability in this point of view.
Thermal stability
Knowledge of thermal stability is crucial to optimize the activation conditions at
elevated temperature in vacuum. The stability zone is that temperature range where the
release of adsorbed guest molecules is practically completed but the decomposition of the
metal-organic framework has not yet started. Thermogravimetry (TG) is the key method
for providing information on the solvent content and the thermal stability of the MOFs.
Since thermal activation of the framework takes place in vacuum, TG measurements are
often carried out in inert, non-oxidizing (e.g. N2, Ar or He) atmosphere. Basically, inert
conditions do not affect the release of volatiles, neither prevent or delay any radical
degradation process, only may slow down the weight losses. On the other hand, the
employment of air (or oxygen) up to 800-900 °C has an additional advantage in case of
copper-containing metal complexes [216-220]. The examination of the residual mass
after the fast and complete decomposition of the copper-containing metal complexes
(e.g. by powder X-ray diffraction) provides the opportunity to calculate almost
quantitatively the copper (oxide) content. Thus, the apparent formula weight can be
calculated considering the corresponding stoichiometric amounts of ligands. This way the
(molar) amount of incorporated guest molecules or solvents into the material can be
verified independently of the expected formula of the metal complex.
Weight loss of HKUST-1 occurs in three steps. Literature references consistently state
that until ca. 130 °C physisorbed water or solvent molecules are released from the
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framework in the first step [121, 176, 215, 221-236]. Between 130-250 °C a gentle slope
is observable with about 1-5% mass loss with a very vague explanation, if any, about its
origin. In many cases, this second step is simply neglected [233, 234] or evaluated
together with the first one [121, 221-224, 228-232]. Otherwise, it is interpreted by the
removal of chemisorbed water molecules or more strongly bonded solvent
[211, 226, 235, 236]. Although, these interpretations are hardly supported by
experimental proofs [229, 230]. HKUST-1 has moderate thermal stability among MOFs,
its structure decomposes around 300 °C both in inert [121, 221-225, 230-236] and
oxidative [176, 226, 227, 229] atmospheres. Thus, for thermal activation there is a
relatively wide stability zone, HKUST-1 can be activated between 100 and 180 °C.
Regarding TG/DTG analysis of HKUST-1, the thermal degradation step between
130-250 °C needs further investigations. Nevertheless, considering that the operating
temperatures of H2 and CH4 storage in light-duty vehicles according to DoE requirements
is -40-60 °C and that of CO2 separation from post-combustion flue gases is between
50-130 °C [228], the thermal stability of HKUST-1 is satisfying for these applications.
Water stability
Mechanism of water adsorption in MOFs, and its effect on their structure is
extensively studied by experimental [237, 238] and theoretical (computing) [99, 239]
methods. Widely used experimental techniques to follow the change in crystal structure,
pore network and surface morphology are X-ray diffraction (XRD), low temperature
N2 adsorption, cyclic water vapour adsorption and scanning electron microscopy (SEM).
Although HKUST-1 has significant water adsorption affinity and uptake, its instability in
the presence of water, both in vapour and liquid states, is also widely recognized
[223, 240-249].
De Costa et al. followed the structural change of carboxylate − metal coordination
bond containing MOFs in humid atmosphere. Commercially available HKUST-1
(Basolite© C 300), Mg-MOF-74 and UiO-66, both synthetized by their group, were
investigated. They applied 25 °C/90% relative humidity (RH); 40 °C/40% RH and
40 °C/90% RH aging conditions and examined the structural changes after 1, 3, 7, 14 and
28 days. They concluded that the relative humidity and ageing temperature jointly
determine the rate of decomposition [240]. Schoenecker et al. measured the structural
change of HKUST-1 among several MOFs after water vapour adsorption at 25 °C and 1
bar. Although HKUST-1 retained its crystallinity according to the XRD patterns, a
significant (26%) loss in apparent surface area was concluded from N2 adsorptiondesorption isotherms. [241]. Küsgens et al. confirmed the high adsorption affinity of
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HKUST-1 towards H2O: they measured ca. 800 cm3/g H2O uptake on the HKUST-1
structure, but they also demonstrated the poor water stability of this MOF. [242]. Liang
et al. investigated the water vapour adsorption of HKUST-1 up to 1 bar at 25 °C and
32 °C. They observed an unusual phenomenon at the higher temperature, namely the
desorption curve lay below the adsorption curve, a strong evidence that structural change
occurred. They also investigated the CO2 performance of HKUST-1 after exposure to
30% relative humidity at 25 °C for 1, 2 and 3 cycles. They proposed that HKUST-1 may
work in CO2 separation in the presence of water vapour under certain conditions, e.g.,
below RH 30% at 25 °C [223]. Al-Janabi et al. also confirmed the poor hydrothermal
stability of HKUST-1 at ambient conditions (25 °C, atmospheric pressure) performing
equilibrium water vapour adsorption in two cycles. They also investigated the adsorption
of CO2 component from simulated natural gas (6 mbar water partial pressure, ambient
temperature) and from simulated flue gas (70 mbar water partial pressure, 50 °C) under
dynamic non-equilibrium conditions. They found that, the relative humidity and the water
exposure time must be controlled in order to maintain the integrity of the adsorbent during
applications under humid conditions [243, 250]. On the other hand, the high water affinity
can be favourable, since the partial hydration of HKUST-1, i.e., the presence of water
molecules coordinated to the open copper sites, enhances the CO2 uptake at low pressure
[245-247]. Gul-E-Noor et al. found that in the presence of low water content, the
HKUST-1 is reasonably stable. They were able to follow the structural changes in
HKUST-1 by using 1H and 13C solid-state nuclear magnetic resonance spectroscopy
(NMR) with magic angle spinning, detecting several different crystalline adsorption sites
for the water molecules. The 1H spectra indicated a dynamic water adsorption/desorption
process at the free coordination site of copper at room temperature. The network structure
showed stability when a small amount of water was adsorbed. Increasing the adsorbed
water, the HKUST-1 network slowly decayed, yielding various products depending on
the conditions. Their results clearly indicate that the water molecules preferentially
interact with the copper sites. [248, 249].
In spite of these recent studies, however, the mechanism of water adsorption and its
consequences on the HKUST-1 structure still remains uncertain. Moreover, it is very
likely that its water stability needs to be improved for industrial applications.
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Mechanical stability
In terms of gas adsorption and storage HKUST-1 shows high structural stability. No
literature data refer to structural destruction during gas adsorption at high pressure. For
instance, Senkovska et al. demonstrated that at ambient temperature (30 °C) methane
adsorption/desorption process up to 200 bar results in a reversible isotherm, which clearly
shows that the framework structure of HKUST-1 is stable during the high pressure
methane adsorption [251].
Industrial adsorbents primarily employed as pellets or monoliths. As it is several
research groups aimed the densification of pre-synthesized MOF powders. Noteworthy
that other strategies also have been applied to form in situ MOF [205, 210, 252, 253] also
including HKUST-1 monoliths or monolithic composites such as sol-gel synthesis [43],
powder packing [254], Cu(OH)2 monolith conversion [250], extrusion [255], 3D printing
[256], templated MOF-aerogel [257] and membrane [258] preparation or incorporating
HKUST-1 into monolithic polymers [259], silica [260], ceramic [261] or carbon [262]
support. But returning to HKUST-1 pellets, they are prepared by making cylindrical
wafers utilizing mechanical or hydraulic press (Fig. 12) [263].

Figure 12. MOF powder pelletisation. [after 252]
Densification has additional advantages like enhancement in mechanical strength,
thermal conductivity, chemical stability, packing and volumetric density. However, the
most commonly observed response of MOFs under high external pressure is
amorphization, which results in the alternation of gravimetric density, surface area and
pore volume [104]. Powder XRD patterns and apparent surface area (SBET) concluded
from low temperature (-196 °C) N2 adsorption/desorption isotherms are the most
common techniques to follow the structural changes.
Generally, increasing the compacting pressure leads to the decrease in crystallinity
and apparent surface area of HKUST-1. Kim et al. compacted activated (100 °C, 5h)
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HKUST-1 powder by applying mechanical pressure of 25, 50, 100 and 340 bar for
10 minutes by pellet press for infrared spectroscopy. Besides, they prepared HKUST-1
pellets using polyvinyl alcohol (PVA) as binder too. In the case of the binder free pellets
decrease in crystallinity and apparent surface area was observable by increasing pressure.
Although, even at 25 bar the loss in SBET was 34% (1147 m2/g) compared to the powered
HKUST-1 (1737 m2/g). The highest pressure of 340 bar resulted in almost the total
collapse of the pore system (71 m2/g, 94% loss). PVA binder in the HKUST-1 pellets lead
to the formation of moderate surface area of 963 m 2/g, probably because the PVA
molecules partially occupied the pore system of HKUST-1. SBET of the binder containing
pellet is similar that of the binder free pellets prepared under 100 bar (953 m2/g) [264].
Their results support the standpoint that, however binders can enhance the mechanical
and thermal stability, free pellets are more desirable to preserve the excellent adsorption
properties of MOFs [263]. Bazer-Bachi et al. investigated the effect of the pelletisation
on ZIF-8 and SIM-1 (Fig. S1δ) and commercial HKUST-1 (Basolite C300) under 240,
800 and 4000 bar using a universal testing machine (INSTRON 5549 or MTS). In contrast
to the observation of Kim et al. this HKUST-1 retained its crystallinity up to 800 bar.
They observed only 26% porosity loss after compression at 240 bar. SBET of the pellet
which were formed under 4000 bar decreased by almost 80% (from ca. 1897 m 2/g to
453 m2/g) [265], which is still less than the observed 94% loss in SBET at 340 bar according
to Kim et al. [264]. Dhainaut et al. used Medel'Pharm STYL'ONE Evolution tableting
instrument for preparing HKUST-1 (and also UiO-66, UiO-67: Fig. S1ε, UiO-66-NH2:
Fig. S1ζ) tablets from self-synthetized MOF powders. In case of HKUST-1, they also
investigated the effect on the morphology of 1 and 2 wt% expanded natural graphite
binder addition into the HKUST-1 powder prior to tableting, since graphite is widely used
binder to improve thermal stability. They applied 140-1210 bar, 14-1200 bar and
14-1120 bar for tableting the binder free HKUST-1, HKUST-1 with 1 wt% and 2 wt%,
respectively. Maximum losses of ca. 25, 23 and 26% was observable at the highest
pressures of 1210, 1200 and 1120 bar in case of binder free pellets and samples with
1 wt% and 2 wt% binder content respectively. On the other hand, almost two-fold bulk
densities were achieved at these pressures associated with moderate damage in textural
properties. HKUST-1 pellet was also exposed to water vapour. After 4 months they
observed 42% loss in the apparent surface area of HKUST-1 wafer [266]. Presented
research results well illustrate that literature data show contradictory results regarding to
the level of pressure inducted amorphization and the magnitude of applied pressure on
both as synthetized HKUST-1 [181, 246, 264, 266] and commercially available
Basolite C300 powder [265, 267, 268]. Dhainaut et al. suggested that the pressure-induced
amorphization at least partly depends on the compression protocols and thus the results
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obtained in an uncontrolled or poorly-controlled densification route should be interpreted
with care [266]. Terracina et al. prepared tablets from commercial Basolite C300
HKUST-1 powder using a pill maker, operating with hydraulic press. In a unique way,
they observed that the apparent surface area increased in the pelletizing process from
1620 to 1935 m2/g, supporting the idea that the compression step possibly increases the
adsorption capacity by reducing the space between the individual crystals without
destroying their structure and extra pores are formed between the particles being pressed
together [269].
In gas adsorption and storage, high surface area and pore volume are essential, thus,
saving the HKUST-1 structure during pelletisation is strongly recommended to preserve
its outstanding adsorption properties.
2.5

HKUST-1 – nanostructured carbon composites

As discussed, HKUST-1 is a very promising adsorbent in gas storage and separation.
It performs remarkable hydrogen uptake of 2.9 wt% (-196 °C) and carbon dioxide uptake
of 5.6 mmol/g (20 °C) at low pressure (1 bar). Moreover, it is the only reported MOF,
which volumetric methane adsorption capacity slightly exceeds the DoE target (Fig. 13).

Figure 13. DoE targets of gravimetric (grey balance), volumetric (blue cylinder)
and volumetric working (yellow column) CH4 adsorption capacities and the
performance of top-performing MOFs.
Moreover, HKUST-1 production is already solved on an industrial scale. However,
HKUST-1 suffers from the general disadvantages of MOFs such as water sensitivity and
low mechanical stability [184].
Construction of composites is an attractive solution to overcome the drawbacks of
HKUST-1, and what is more, it can additionally improve its gas adsorption properties
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[187, 270-273]. Carbon-based materials such as porous activated carbons and porous
nanostructured carbons (carbon aerogels, carbon nanotubes, graphene and graphene
derivatives) are among the most promising associating materials thanks to their great
chemical and mechanical stability as well as thermal conductivity. The heat release during
the adsorption cycle (filling) challenges the uptake amount if the thermal conductivity of
the adsorbent is poor. In the working cycle, the adsorbent cools down due to endothermic
nature of the desorption, reducing the delivery capacity. Furthermore, they themselves
have also great potential in the field of gas separation and storage [36, 37, 45, 46, 50-52,
56-59].
2.5.1

Nanostructured carbons

Nanostructured carbons are extensively used as associating materials in MOF - carbon
systems. In the related field, the most widely researched carbons include nanoporous
carbon materials such as activated carbons (ACs) or carbon aerogels (CAs) and low
dimensional nanoscale carbon allotropes like graphene, graphene oxide (GO), reduced
graphene oxide (rGO) and carbon nanotubes (CNTs). The latter group gaining particular
interest, because of their further functional features in addition to the generally
characteristic excellent thermal and physicochemical properties of carbons [274].
Activated carbon precursors can be easily produced from high-carbon content
materials by pyrolysis or carbonization, while porosity develops during the physical or
chemical activation. Traditionally activated carbons are produced from fossil coal,
petroleum-pitch or high-quality lignocellulosic precursors. However other various
organic raw materials are suitable for this purpose, thus conversion of organic waste and
biomass into activated carbons is increasingly researched [275-277]. ACs are highly
porous amorphous materials, their hierarchical pore structure contains pores with various
shapes and sizes both in the micro, meso and macro range. Their pore structure is
extremely diverse, highly dependent on the quality of the starting material, but can be
controlled and influenced through the carbonization and activation conditions [274].
Carbon aerogels generally possess three-dimensional pore network built up from
interconnected primary nanoparticles. The preparation of carbon aerogel includes three
major steps (Fig. 14). Firstly, a sol-gel polymerization reaction is applied to prepare
lyo- or hydrogels. Thereafter, a drying step leads to the formation of porous polymer gels.
Finally, carbon aerogels can be obtained by the carbonization of the polymer gels [54, 55].
In 1989, R. W. Pekala reported the first synthesis of an organic aerogel. It was produced
by the polycondensation reaction of resorcinol (R) and formaldehyde (F) in aqueous
solution using Na2CO3 as catalyst, followed by supercritical CO2 (sCO2) drying [278].
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Resorcinol-formaldehyde (RF) based carbon aerogels can be obtained by the
carbonisation of the dried polymer RF-gels (Fig. 14).

Figure 14. Schematic illustration of the synthesis of resorcinol (R) – formaldehyde
(F) based carbon aerogels.
The resulting hierarchical pore structure and surface chemistry can be controlled and
modified in many ways. First of all, at hydrogel level, the sol-gel reaction parameters
(pH, reactant ratio, catalyst amount, solvent ratio, etc.) can be widely varied resulting in
desirable pore structures. Furthermore, the structure can be doped for instance by adding
heterogen atom containing monomers into the reaction mixture [279-281]. Secondly,
using supercritical drying or freeze drying this pore network can be preserved. According
to the drying method aerogels, xerogels and cryogels can be distinguished [282]. Finally,
varying the carbonization temperature, atmosphere and time provides an additional
modification opportunity [283]. Obviously, post-synthetic modifications are also
available for surface modification and functionalization [284]. RF-based carbon aerogels
are the most widely studied, but other polymer gels are also suitable as carbon aerogel
precursors.
The construction of the above-mentioned nanoscale carbon allotropes (GN, GO, rGO
and CNT) can be demonstrated starting from the well-known structure of graphite.
Ideally, graphene is a two-dimensional graphite single layer with honeycomb-like lattice
structure (Fig. 15). An exceptionally high strength (130 GPa tensile strength), thermal
conductivity (3000-5000 W·/(m·K)) and high theoretical apparent surface area
(2630 m2/g) are among its remarkable properties [285]. Carbon nanotubes can be
described as graphene sheets rolled up into cylindrical shapes. CNTs possess similar
beneficial properties as graphene with additional features resulting from their special
electronic structure (Fig. 15). CNTs are classified according to the number of concentric
graphene-like layers into single-walled (SWCNT) and multi-walled carbon nanotubes
(MWCNT) [286-288].
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Figure 15. Structure of graphene and carbon nanotubes (SWCNT: single-walled
carbon nanotube; MWCNT: multi-walled carbon nanotube). [after 288]
Graphene oxide (GO) is a single (or few) layer graphene sheet decorated with diverse
oxygen-containing functional groups (e.g. hydroxyl, carboxyl, epoxy groups) and
holes (Fig. 16).

Figure 16. Structure of graphene, graphene oxide and reduced graphene oxide.
(carbon: grey, oxygen: red, hydrogen: white) [after 295]
At the beginning it attracted substantial interest mainly as an intermediate for
graphene manufacturing. GO is often produced by the oxidative exfoliation of graphite
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[289]. One of the common routes is the improved Hummers method, in which the
oxidation occurs in the aqueous mixture of KMnO4, concentrated H2SO4 and H3PO4
[290, 291]. Following the reaction, GO has to be purified from the residual reactants and
unreacted graphite, before concentrating the GO suspension in several centrifugation
steps. GO nanoparticles can be obtained from the resulting stable GO suspension by
drying. Properties of the GO products show strong variance, in terms of the quality and
the quantity of the oxygen groups and of chemical and physical properties. Basically, the
features of the GO obtained in wet oxidative exfoliation depend on the graphite source
and the method of exfoliation, including the oxidizing agents and the reaction conditions
[292]. Theoretically, by removing the oxygen-containing functional groups from the
GO structure, graphene could be obtained. In practice, reduction of GO hardly leads to
the complete removal of oxygen-containing functional groups, the defects in the
honeycomb lattice only partially heal and the lattices also get fragmented (Fig. 16). Thus,
the properties of the reduced graphene oxide (rGO) also depend on the prehistory of the
reduction [293]. The chemical and structural defects present—albeit to a different
extent—in these graphene derivatives degrade some of the favourable properties of
graphene, including electrical and thermal conductivity. By contrast, their functional
groups make GO and rGO advantageous compared to pristine graphene, in terms of
chemical functionalization or tuneable hydrophilic, electrical and optical properties.
Compared to graphene or carbon nanotubes, their increased hydrophilicity ensures their
application in aqueous medium [294]. Interestingly, several attempts are made to produce
carbon aerogels from these nanoscale carbons to create three-dimensional structures [55].
2.5.2

Composites for carbon dioxide, methane and hydrogen adsorption

Numerous attempts have been made for the formation of HKUST-1 composites with
the presented carbon materials, namely activated carbons [296-299], carbon aerogels
[262, 298], carbon nanotubes [300-307] and graphene derivatives [308-322]. Recent
review articles on the subject also confirm the interest in such associated systems
[202, 323, 324]. HKUST-1@carbon-based composites usually form by firstly suspending
the carbonous material in the precursor solution of HKUST-1 and then the HKUST-1
formation takes place in the presence of the carbons [308, 311]. It is noteworthy, that
purely carbonous ACs, CAs, GN, CNTs are hydrophobic, thus their surface is usually
modified to increase their hydrophilic nature and to ensure nucleation sites for HKUST-1
formation [296, 297, 300, 301].
Zeng et al. added different amount (1, 2, 3%) of coconut derived, surface modified
(acidic treatment), mesoporous activated carbon into the reaction mixture of HKUST-1
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to produce HKUST-1@AC composites under hydrothermal conditions. To perform the
adsorption study, pure CO2 for 90 minutes at 50 cm3/min was applied. In both cases the
SBET and the CO2 uptake of the composites exceeded that of HKUST-1
(664 m2/g, 1.8 mmol/g). HKUST-1@AC with optimal 2% AC content had the highest
SBET of 1142 m2/g and CO2 adsorption capacity of 3.5 mmol/g among the other samples
[296]. Esfandiari et al. prepared activated carbons from walnut shell, and modified their
surface by acidic treatment. They prepared HKUST-1@AC composites under
solvothermal conditions with 0.3, 0.5 and 1 wt% AC content. They found that the
presence of AC significantly increased (up to 31.5 mmol/g) the hydrogen uptake in the
composite with optimal 0.5 AC content, compared to HKUST-1 (24 mmol/g) [297].
Liu et al. used three different porous carbons (OMC: ordered mesoporous carbon;
AC: activated carbon; NC: nitrogen-containing microporous carbon) for the preparation
of HKUST-1@carbon composites. OMC and NC are modified resorcinol-formaldehyde
carbon aerogels AC was obtained by the activation of OMC to develop additional
microporosity. Composites were prepared under solvothermal conditions. Each
composites possessed highly greater apparent surface areas of 1288 (HKUST-1@OMC),
1368 (HKUST-1@AC) and 1364 m2/g (HKUST-1@NC) resulting in higher CO2 uptake
of 7.95, 8.03 and 8.24 mmol/g at 0 °C, 1 bar compared to HKUST-1 (1202 m2/g and
7.45 mmol CO2/g) and so to the pristine OMC (671 m 2/g, 3.41 mmol CO2/g), AC (1310
m2/g, 5.08 mmol CO2/g) and NC (485 m2/g, 3.39 mmol CO2/g). This observation clearly
indicates additional pore formation between the HKUST-1 and the carbon structures and
this synergic effect lead to CO2 adsorption capacity improvement [298].
Cortés-Súarez et al. synthetized HKUST-1@SWCNT nanocomposites with different
SWCNT content (2, 5, 10 wt%) and compared their carbon adsorption capacity with pure
HKUST-1. Noteworthy, that prior to the reaction SWCNT was functionalized using
concentrated acid solution to improve its hydrophilicity and to create nucleation sites.
The apparent surface area increased with increasing SWCNT content from 1410 m2/g
(pure HKUST-1) to 1520 m2/g (2 wt%) and 1714 m2/g (5 wt%). However, at 10 wt%
SWCNT the surface area slightly decreased to 1370 m 2/g. Carbon dioxide adsorption
capacity (1 bar, -77 °C) correlated with the apparent surface area of the samples. The
highest increase of 10% up to 8.75 mmol/g was observable in case of 5 wt% SWCNT,
while the CO2 uptake decreased to 7.73 mmol/g at 10 wt% SWCNT content compared to
the performance (7.92 mmol/g) of pure HKUST-1 [300]. Xiang et al. investigated the gas
adsorption properties (CO2, CH4; 25 °C, 18 bar) of HKUST-1@MWCNT composites
(besides Li+ doped HKUST-1 and Li+ doped HKUST-1@MWCNT). Although, the
apparent surface area of the composite slightly decreased to 1458 m 2/g, both the methane
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(7.5 mol/g) and the carbon dioxide (13.5 mmol/g) uptake almost doubled compared to
that of the pristine HKUST-1 (1587 m2/g, 4.5 mmol/g, 6.7 mmol/g respectively) [301].
The potential of MOF@GO [202], particularly HKUST-1@GO composites, in gas
adsorption – including that of CH4, CO2 and H2 – has been more widely studied, probably
due to the hydrophilic nature of GO [308-322]. Huang et al. prepared HKUST-1@GO
composite powders with 0.5-5 wt.% GO content for the separation of CO2/CH4. Upon the
introduction of 1 wt.% GO, the surface area and the pore volume increased by more than
20% (up to 1677 m2/g and 0.70 cm3/g respectively) with respect to the parent HKUST-1
(1382 cm3/g and 0.57 cm3/g respectively). Furthermore, it exhibited an almost 30% higher
CO2 adsorption capacity, up to 8.19 mmol/g at 1 bar and 0 °C, whereas the CH 4 adsorption
capacity was nearly unchanged. A dual-site Langmuir-Freundlich (DSLF) model was
applied to fit the experimental isotherm data for CH 4 and CO2 and the ideal adsorbed
solution theory (IAST) to predict the selectivity of the samples toward CO 2 vs. CH4 for
equimolar CO2/CH4 mixtures. The predicted isotherms showed that at 1 bar, the CO2/CH4
adsorption selectivity of HKUST-1@GO increased to 14, almost twice that of HKUST-1
[308]. Zhao et al. also used HKUST-1@GO powder with 10% GO content for
CO2 capture. Although the apparent surface area and pore volume decreased slightly due
to the GO content, the obtained CO2 adsorption capacity was enhanced by 38% with
respect to that of the parent MOF. The CO2/N2 selectivity indicated that the composite is
efficient for CO2 separation as well [309]. Al-Naddaf et al. investigated the
CH4 adsorption performance of HKUST-1@graphene derivatives. They used GO, rGO
and carboxyl-functionalized GO (fGO). All three types of nanocomposite powders
exhibited higher surface areas (~1260 m 2/g) and porosity than the pristine MOF
(1137 m2/g). Their HKUST-1@rGO nanocomposite with 10 wt.% rGO displayed the best
performance, with approximately 30% higher methane delivery capacity (165 cm3/g) in
the pressure range 5.8-65 bar at room temperature compared to pristine HKUST-1
(108 cm3/g) [310].
Consequently, the potential of carbon nanoparticles in increasing the H2, CH4 and
especially CO2 adsorption performance in HKUST-1@carbon composites is proven.
Although the influence of the humidity on the gas adsorption properties of
HKUST-1@carbon composites has been recognized by more groups, systematic
knowledge on the subject is still limited [325-327]. On the other hand, to the best of my
knowledge, the effect of the described carbon nanoparticles on the mechanical stability
(e.g. during pelletisation process) of the composite materials is hardly studied.
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Motivation

Metal-organic frameworks are among the most promising materials in the adsorption
storage of clean energy gases and CO2 sequestration. Moreover, their excellent adsorption
properties can be utilized in the separation of gas mixtures including biogas or flue gases.
HKUST-1 is an iconic MOF with outstanding methane adsorption capacity. It is among
the MOFs which are produced by now on industrial scale, however, in powder form. Not
only the latter but also their water sensitivity challenges their application, e.g., as fillers
in the tank of light-duty vehicles powered by adsorptively stored gas. In spite of the
outstanding interest in HKUST-1 there are still white spots to uncover.
One of the goals of my PhD work was to clarify the thermal behaviour of HKUST-1
which also might be relevant in its water sensitivity. The reported TG studies of
HKUST-1 have not revealed all the processes that take place during thermal
decomposition of HKUST-1. Expanding the potential of TG with evolving gas analysis
(with FTIR and MS techniques) allowed a deeper insight into the molecular structure of
the MOF microcrystals.
After observing the relatively fast aging of HKUST-1, a systematic study was
designed to reveal the role of water in the deterioration of the isoreticular crystalline
texture of this MOF. HKUST-1, obtained in solvothermal route from inorganic copper
nitrate and organic ligand benzene-1,3,5-tricarboxylate and its activated form were
exposed to relative humidity for 21 day. The change of the morphology was followed by
various imaging methods, powder XRD, TG/DTA and low temperature nitrogen
adsorption techniques.
Construction of associated systems may be an attractive solution to overcome the
drawbacks of HKUST-1 without losing much of its gas adsorption properties. Their
binary system with carbon aerogel and graphene oxide were investigated regarding the
problem of water sensitivity or pelletisation. The thermal conductivity of the carbon
materials may also help to overcome the thermal management of the
adsorption/desorption cycles during the gaseous fuel application. (Investigation of this
problem was beyond the scope of this thesis.)
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Materials and methods
Materials
Copper-benzene-1,3,5-tricarboxylate (HKUST-1)

Benzene-1,3,5-tricarboxylic acid (H3btc), copper(II) nitrate trihydrate
(Cu(NO3)2.3 H2O), absolute ethanol (CH3CH2OH; 99.5%) were purchased from Merck.
High purity water of Millipore grade was used for the synthesis. Cu(NO 3)2.3 H2O was
stored in desiccator over freshly activated silica to prevent additional water adsorption.
All chemicals were used without further purification.
HKUST-1 (C18H6Cu3O12, M: 604.87 g/mol) was synthesized under solvothermal
conditions after Wang et al. [328] at 80 °C. 10 cm 3 of 83.3 mmol/dm3 H3btc ethanolic
solution was mixed with the aqueous solution of Cu(NO 3)2.3H2O (125 mmol/dm3,
10 cm3) in Teflon lined autoclave (40 cm 3). Thus, the ratio of the reactants (Cu 2+ and
btc3-) was stoichiometric in the precursor mixture. It was homogenized for 10 min using
a magnetic stirrer. Thereafter argon gas (T45 from Linde) was bubbled through the
mixture for 5 min to eliminate air from the autoclave prior to sealing. The closed
autoclave was heated to 80 °C (heating rate: 0.5 °C/min) in an oven, kept there for 24 h
and allowed to cool down to room temperature. The obtained turquoise crystals were
immersed in 20 cm3 of ethanol, which was daily changed to fresh. This washing step was
repeated three times, to remove all of the unreacted components. After washing, the
crystals were filtered through a glass filter and finally dried in air for 24 h at ambient
temperature (the pore structure of the air dried samples were partly occupied by solvent
molecules). The average production of a reaction was 320 mg (air dried HKUST-1). The
average yield of the reaction was 84% in terms of the solvent free HKUST-1. Crystal
structure of each batches was individually identified and for a related series of
experiments several batches were mixed, homogenized and used as a single sample. The
samples were stored for further use in closed sample holder, in a desiccator filled with
freshly activated silica. The fine crystalline material was investigated without further
crushing or grinding and it was outgassed at 110 or 180 °C in vacuum (activation) directly
before certain measurements.
4.1.2

Carbon aerogel (CA)

Resorcinol (C6H4(OH)2), aqueous formaldehyde solution (HCOH; 37%, stabilized
with 10% methanol), sodium carbonate (Na2CO3), nitric acid (HNO3, 65%) and acetone
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(CH3COCH3) were purchased from Merck. Distilled water was used for the synthesis.
Chemicals were used without further purification.
Carbon aerogel was prepared by carbonizing the resorcinol-formaldehyde (RF)
polymer aerogel formed by drying of RF hydrogel, which was obtained from
resorcinol-formaldehyde polycondensation reaction after Pekala [278]. For the
preparation of RF hydrogel gel, 1.5990 g resorcinol (R), and 0.0308 g Na2CO3 as catalyst
were dissolved in 48 cm3 distilled water. After homogenizing with 2.2 cm3 concentrated
37% formaldehyde (F) solution, the pH was adjusted to 6.0 by adding diluted nitric acid
(1 HNO3 : 8 H2O) dropwise. The solution was stirred for 30 min and poured into glass
vials, which were then sealed and kept in an oven at 85 °C for one week to complete the
gelation. Water in the obtained hydrogels were exchanged to acetone before supercritical
carbon dioxide (sCO2) drying. Dry RF polymer gels were carbonized in inert nitrogen
atmosphere (flow rate: 25 cm3/min) at 900 °C [282]. The produced carbon aerogel was
crushed in a mortar to obtain fine powder. The surface of the powdered carbon aerogel
was altered from basic to acidic by oxidation with nitric acid (3 h, reflux) to ensure
optimal conditions for HKUST-1 crystal formation in the presence of the carbon aerogel
[284]. After thorough washing with deionized water the sample was dried at 110 °C. This
oxidized sample was denoted as CA. The samples were stored for further use in closed
sample holder, in a desiccator filled with freshly activated silica.
4.1.3

Graphene oxide (GO)

Natural graphite (Graphite Týn, Týn nad Vltavou, Czech Republic) was used as a
precursor for the preparation of graphene oxide suspension. Sulphuric acid
(H2SO4; 95-97%), potassium permanganate (KMnO4), hydrogen peroxide (H2O2) and
hydrochloric acid (HCl; 37%) were obtained from Merck and phosphoric acid
(H3PO4; 85%) from Reanal. Chemicals were used without further purification.
High purity water of Millipore grade was used for the synthesis.
Graphene oxide suspension was prepared by the improved Hummers’ method [291].
Concentrated H2SO4 (200 cm3) was added to 5 g graphite and after 5 minutes stirring
H3PO4 (25 cm3) was added and finally powdered KMnO4 (25 g) beside continuous
stirring. Temperature was kept at 40 ± 0.5 °C during the reaction (3 h) using
temperature-controlled water bath. Thereafter 500 cm 3 of Millipore water was
continuously added to the suspension under ice-cooling keeping the temperature below
45 °C. To react the excess KMnO4, concentrated H2O2 (20 cm3) was added to the
suspension. Then multi-step acidic (cc. HCl) wash-centrifugation cycle
(Jouan BR4i Multifunction Centrifuge) was performed to separate the obtained materials
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from the reaction medium and remove unreacted acid residues and other contaminants
remaining in the suspension. Finally, multi-step aqueous wash-centrifugation was used to
remove the HCl and the unoxidized graphite from the system. The obtained
GO suspension was concentrated to 1.1 wt% applying further centrifugation [329]. The
final product was stored protected from light in sealed (brown glass) sample holder.
4.1.4

HKUST-1@CA and HKUST-1+CA

HKUST-1 – CA binary samples of approximately identical gravimetric composition
(HKUST-1:CA = 1:1; in terms of activated HKUST-1) were obtained by two different
routes. For the “chemical” composite (HKUST-1@CA), HKUST-1 crystal formation
took place in the presence of CA under the same conditions as pure HKUST-1. 100 mg
CA was placed into Teflon lined autoclave (40 cm3) and 10 cm3 aqueous Cu(NO3)2.3 H2O
stock solution (125 mmol/dm3) was added, the system was stirred for 10 min (magnetic
stirrer) and the autoclave was sealed. After 24 hours, 10 cm3 H3btc stock solution
(83.3 mmol/dm3) was added to the system. Then solvothermal synthesis, sample washing,
filtering and drying proceeded exactly as described for HKUST-1. The average yield of
a single reaction was 280 mg, the weight gain (compared to the added CA) corresponds
to the resulting mass of non-activated HKUST-1 crystals. For the experiments, several
batches were mixed, homogenized and use as a single sample. For the “physical” mixture
(HKUST-1+CA), CA and HKUST-1 materials were thoroughly homogenized in
proportion to the composition of HKUST-1@CA. Both HKUST-1+CA and
HKUST-1@CA samples were stored under the same conditions as HKUST-1 and
outgassed at 180 °C in vacuum (activation) directly before certain measurements.
4.1.5

HKUST-1@GO

HKUST-1@GO samples were prepared as pristine HKUST-1, in the presence of 1,
1.5, 2 and 2.5 g/dm3 GO. Aqueous GO suspension was used as GO source and solvent
for Cu(NO3)2.3 H2O. Firstly, GO suspension was diluted to 2, 3, 4 and 5 g/dm 3, then
adequate amount of Cu(NO3)2 were dissolved to obtain 125 mmol/dm3 stock solutions for
copper. 10 cm3 Cu(NO3)2.3 H2O/GO suspension was mixed with 10 cm3 H3btc solution
(83.3 mmol/dm3) and the reaction proceeded in the same way as HKUST-1. The obtained
materials were separated from the reaction medium by centrifugation and washed three
times with ethanol in wash-centrifugation cycles. Finally, the materials were dried in air
for 24 h at ambient temperature and homogenized in mortar for further use. The samples
were activated at 110 °C in vacuum directly before certain measurements.
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The composites are labelled as HKUST-1@GO-cGO, where cGO is the GO
concentration in the reaction mixture. HKUST-1@GO-1 thus refers to HKUST-1@GO
composite material where the GO concentration in the reaction mixture was 1 g/dm3.
4.2
4.2.1

Characterization methods
Microscopic imaging

Scanning electron microscopy (SEM; JEOL JSM 6380LA) and conventional and high
resolution transmission electron microscopy (TEM and HRTEM; 200 kV Philips CM20
TEM and 300 kV JEOL 3010 HRTEM) were used to characterize the morphology, grain
and grain size distribution of the samples. In the case of SEM, the samples were fixed to
copper sample holders with conductive carbon adhesive tapes. Gold coating
(JEOL JFC-1200) was applied to increase the conductivity of the samples. For TEM and
HRTEM imaging, the samples were drop-dried on carbon-coated microgrids. To measure
the crystal sizes on the SEM images, the JMicroVision 1.2.7 program (free download)
[330] was used. The typical crystal size was estimated from the size of about 100 crystals
in the investigated samples. Non-activated samples were used for microscopic
examination.
4.2.2

Powder X-ray diffraction (XRD)

For the identification of HKUST-1 crystal structure powder X-ray diffraction (XRD)
were used. XRD patterns were obtained in the range 2θ = 4-84° with an X’pert Pro MPD
(PANalytical Bv.) X-ray diffractometer using an X’celerator type detector and Cu K α
radiation with a Ni filter foil (λ = 1.5408 Å) and a “zero-background Si single crystal”
sample holder. Phase identification was assisted by the Search&Match algorithm of the
HighScore Plus (PANalytical Bv.) software, based on either the international Powder
Diffraction File (PDF4+, Release 2015, International Centre of Diffraction Data, ICDD),
or The Cambridge Structural Database (CSD-Enterprise, version 5.37, Cambridge
Crystallographic Data Centre, CCDC [331]) using the built-in powder pattern generator
algorithm of the Mercury program [332]. Non-activated samples were used for XRD
measurements. XRD patterns were normalized they were normalized to the peak with the
highest intensity
4.2.3

X-ray photoelectron spectroscopy (XPS)

Surface composition of selected samples was determined by X-ray photoelectron
spectroscopy (XPS) performed by a KRATOS XSAM 800 XPS machine equipped with
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an atmospheric reaction chamber. Al Kα characteristic X-ray line. 40 eV pass energy
(energy steps 0.1 eV) and FAT mode were applied for recording the XPS lines of Cu 2p,
Cu LMM, O1s and C 1s. C 1s binding energy at 284.8 eV was used as reference for charge
compensation. The surface concentrations of the elements were calculated from the
integrated intensities of the XPS lines using sensitivity factors given by the manufacturer.
4.2.4

In situ evolved gas analysis assisted thermogravimetric (TG-FTIR and
TG/DTA-MS) studies

A simultaneous thermogravimetry/differential thermal analysis (TG/DTA) instrument
(STD 2960 Simultaneous DTA-TGA, TA Instruments Inc.) was employed for thermal
analysis of each samples. Open Pt crucible sample holders were used. The heating rate
was 10 °C/min and dry air was applied with a flow rate of 130 cm3/min. In a thermal
analysis ca. 10 mg non-activated material was used. He (>99.996%) and compressed air
(O2: 21%, N2: 78%; others: 1%) were purchased from Linde.
Simultaneous thermogravimetry/differential thermal analysis combined with mass
spectroscopy (TG/DTA-MS) and thermogravimetry combined with Fourier transform
infrared spectroscopy (TG-FTIR) were used to identify the evolving gases during the
thermal decomposition of HKUST-1. For TG/DTA-MS, TG/DTA apparatus was coupled
with ThermoStar GDS 200 (Balzers Instruments) quadrupole mass spectrometer (MS)
equipped with a Chaneltron detector. The evolving gas mixture was fed into the MS
apparatus through a heated 100% methyl deactivated fused silica capillary tubing
maintained at 200 °C. Data collection was carried out with QuadStar 422v7.02 software
in scanning (SCAN) mode in the range of m/z = 1-300. For TG-FTIR, a TGA 2050
Thermogravimetric Analyzer (TA Instruments, USA) was used. The heating rate was
10 °C/min, with dry air or helium flow rate of 120 cm3/min (with an extra 10 cm3/min air
as a balance purge). Open Pt crucible was used as sample holder. Gaseous species evolved
from the sample were fed into the FTIR-gas cell of the BioRad TGA/IR Accessory Unit
equipped with a Peltier-cooled DTGS detector through a heated stainless steel transfer
line kept at 180 °C. FTIR spectra (500-4000 1/cm) were collected every 30 s, after
accumulating 29 interferograms, by a BioRad Excalibur Series FTS 3000 spectrometer
using Win IR Pro 2.7 FTIR (BioRad) data collection and evaluation software. In an
evolving gas analysis ca. 24 mg non-activated HKUST-1 was used.
4.2.5

Low temperature N2 adsorption

For the characterization of the pore system, nitrogen adsorption/desorption isotherms
were measured at −196 °C, 0-1 bar by a NOVA 2000e (Quantachrome) volumetric
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computer-controlled surface analyzer on each sample. N2 (4.6) and He (4.6) were
purchased from Linde.
The apparent surface area SBET was calculated using the Brunauer-Emmett-Teller
(BET) model [333]. The total pore volume Vtot was derived from the amount of
N2 adsorbed at relative pressure p/p0 → 1, assuming that the pores were filled with liquid
adsorbate. The micropore volume Vmicro was obtained from the Dubinin-Radushkevich
(DR) plot [334]. As no kernel files necessary for DFT (Density-Functional Theory) based
calculations are available for associated systems, the pore size distribution (PSD) was
calculated with the Barrett-Joyner-Halenda (BJH) method [335]. Transformation of the
primary adsorption data was performed with the Quantachrome ASiQwin software
(version 3.0, Quantachrome). Prior to the measurement, the samples were outgassed in
vacuum at 20, 110 or 180 °C for 24 hours. Approximately 100 mg non-activated material
was used for a single measurement.
4.3

Adsorption of carbon dioxide, methane and hydrogen

In terms of application, carbon dioxide, hydrogen and methane adsorption on selected
samples was examined. Carbon dioxide and methane adsorption/desorption isotherms
were measured at 0 °C, 0-1 bar with an AUTOSORB-1 (Quantachrome)
computer-controlled analyser on selected samples. To perform hydrogen sorption
experiments with high purity hydrogen (99,999%) at −196 °C, 0-1 bar, an Autosorb 1C
(Quantachrome) static volumetric instrument was used. Prior to the gas adsorption
measurements, the samples were activated in vacuum, at 110 or 180 °C for 24 hours.
Approximately 100 mg non-activated material was used for a single measurement.
He (4.6), H2 (99.999%) and CH4 (5.5) were purchased from Linde and CO2 (4.8) from
Messer.
4.4

Effect of water vapour

Water vapour adsorption/desorption isotherms were measured by a Hydrosorb-1
(Quantachrome) volumetric computer-controlled surface analyzer at 20 °C, 0-1 bar. The
samples were outgassed in vacuum at 20 °C, 110 ° or 180 °C prior to the measurement.
Samples with different pre-history (air dried at 20 °C, for 48h, in 40-50% relative
humidity), activated at 110 °C or 180 °C) were exposed to humid atmospheres (11% and
85% relative humidity: RH) at 25 °C for 21 days. Saturated salt/water solutions of LiCl
and KCl were used to maintain the RHs inside the sealed containers [336]. The samples
were designated by name, drying temperature and relative humidity. HKUST-1_110_11
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thus refers to HKUST-1 sample evacuated at 110 °C in vacuum before exposure to
RH 11%. The cured samples were characterized by the previously described methods.
4.5. Effect of compression
An OL57 hydraulic press was used for p compression. Approximately 100 mg
non-activated sample was placed in a 13 mm diameter sample holder and kept at the
required pressure (25, 50, 100 or 200 bar) for 10 min. The compressed samples were
designated by sample name_applied pressure. HKUST-1_200 thus refers to HKUST-1
compressed at 200 bar. Pressurized samples were characterized by the previously
described methods.
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Results and discussion

5.1

HKUST-1

5.1.1

Characterization

HKUST-1 was successfully and reproducibly synthesized under solvothermal
conditions with a yield of ca. 84% (anhydrous framework). The macroscopic (Fig. 17a)
and microscopic (Fig. 17b and c) appearance of the obtained HKUST-1 by solvothermal
method are shown in Figure 17. The colour of the light blue powder is characteristic to
the coordinatively saturated copper(II) ions. The polyhedral shape of the crystals in the
SEM image is typical to HKUST-1.

a

b

c

Figure 17. Appearance of HKUST-1 on (a) macroscopic and microscopic scale:
(b) SEM; (c) HRTEM.
The structure of the crystals was identified according to the XRD pattern of the as
received (non-activated) sample. The resulting diffraction profile (Fig. 18) was compared
to several relevant references of various hydrated (non-activated) or anhydrate (activated)
forms of Cu3btc2 structures. References were derived from both the international CSD
(Cambridge Structural Database) single crystal and PDF-4+ (Powder Diffraction File)
powder diffraction databases, namely FIQCEN [337], DOTSOV42 [338] and
PDF 00-062-1183 [339], PDF 00-64-0936 [340], and PDF 00-065-1028 [341],
respectively. These reference patterns are quite similar to each other (not shown),
independently on the water content of the HKUST-1 structure. As an example, Figure S3
compares the measured XRD diffractogram with PDF 00-64-0936. The peak positions of
the non-activated sample well agree with those of the references, except for the
(111) reflection (2θ = 5.8°), which was not observed at all in the sample. XRD
measurements confirmed that the solvothermal synthesis of HKUST-1 at 80 °C was
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successful. Moreover, based on this analysis, it was also found that the crystalline sample
was free from any copper oxides as expected.
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Figure 18. X-ray diffraction pattern of HKUST-1. [342]
N2 adsorption/desorption isotherms were measured on HKUST-1 samples outgassed
in vacuum at 20 °C and at 180 ° C (activation), respectively, to characterize the pore
structure of HKUST-1 and to reveal the effect of activation. Figure 19 shows the
characteristic colour change from light blue (Fig. 19a) to dark blue (Fig. 19b) occurring
during the activation process. The appearing dark blue colour indicates the alternation in
the coordination sphere of the copper(II) ions, namely the formation of open metal sites.

a

b

Figure 19. Macroscopic appearance of (a) non-activated (as received) and (b)
activated (180 °C, vacuum) HKUST-1. [342]
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The shape of both nitrogen adsorption/desorption isotherms is of Type Ib according
to the recent IUPAC classification [33], typical of fully microporous systems (Figs. 20a
and b). Removal of the solvent during the activation results not only in a spectacular
change in the colour but also doubles the apparent surface area (SBET), micro (Vmicro) and
total (Vtot) pore volumes (Table 1). Based on the latter each HKUST-1 unit in the activated
sample could theoretically accommodate ca. 17 water molecules (assuming liquid water).
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Figure 20. Low temperature (-196 °C) N2 adsorption/desorption isotherms of
HKUST-1 outgassed in vacuum at different temperatures (20 °C and 180 °C) in
(a) linear and (b) semi-logarithmic scale. The adsorbed gas volume is given at
0 °C and 1 bar. [342]
Table 1. Data deduced from low temperature (-196 °C) nitrogen adsorption
measurements before and after activation
Sample
HKUST-1 evacuated at 20 °C, 24 °C
HKUST-1 activated (180 °C, 24h)

SBET*
[m2/g]
590
1140

Vmicro
[cm3/g]
0.23
0.43

Vtot
[cm3/g]
0.25
0.50

* * SBET: apparent surface area; Vmicro, Vtot and Vmeso = Vtot - Vmicro,: micropore, total and
mesopore volume, respectively. The BET model most commonly used in the literature to
estimate the surface area of MOF materials is, strictly speaking, not applicable for
microporous materials. The surface area derived from the BET model will be referred to as
apparent surface area.

56

Results and discussion

180 °C

0.10

20 °C

0.05

dV(d) [cm3/(nm.g)]

Cumulative pore volume [cm3/g]

0.15

180 °C
20 °C

0.20
0.15
0.10
0.05
0.00

1

10

100

Diameter [nm]
0.00

1

10

Diameter [nm]
a

b

Figure. 21. Pore size distribution from the adsorption branch by BJH method: (a)
cumulative and (b) derivative PSD. The vertical lines mark the limit of the BJH
model. [342]
Cumulative and derivative pore size distributions of HKUST-1 are shown in Figures
21a and 21b respectively. Characteristic pore sizes of HKUST-1 (0.5, 1.1 and 1.35 nm)
are less than 2 nm (Figs. 21a and b: dash line) which is the lower theoretical limit of the
BJH model. However, the difference in the accessible (free) pore volumes is clearly
concluded from both distributions.
The adsorption performance of HKUST-1 in respect of hydrogen (11.5 mmol/g
at -196 °C, 1 bar), methane (1.4 mmol/g at 0 °C, 1 bar) and carbon dioxide (4.0 mmol/g
at 0 °C, 1 bar) were found to be comparable to literature data (Table S1). These results
will be discussed in detail later in Chapter 4.3.
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The thermal stability of HKUST-1 was investigated in air by simultaneous TG/DTA
(coupled with MS, Fig. 22a), and both in air and in helium by TG (coupled with FTIR
spectroscopic gas cell Fig. 22b). The thermal degradation of the sample is discussed in
details according to Figure 22a (air).

a

b

Figure 22. Thermal analysis of HKUST-1. a) TG curve (black solid line), DTG
curve (red solid line) and DTA curve (light blue dotted line) obtained by TG/DTA
instrument (heating rate: 10 °C/min) in air (gas flow: 130 cm 3/min); inset shows
the DTG and DTA curves in enlarged view. b) TG curves obtained by TG
instrument (heating rate: 10 °C/min) in air and helium (gas flow:
130 cm3/min). [342].
Mass loss occurs in three steps in oxidative atmosphere. Undoubtedly, the first step in the
100-150 °C range can be attributed to the loss of the solvent [139, 221-224, 232-234]. A
second TG step with about 3% mass loss in the 160-250 °C range is clearly observable.
The enlarged DTG signal confirms that this is a – more or less – separate weight loss step,
accompanied with a clear exothermic heat effect (Fig. 22a: inset). As discussed (Chapter
2.3) this feature is either overlooked [139, 221-224, 228-234] in the literature or attributed
to the release of chemisorbed water [225, 226, 235, 238]. As the thermal activation of
HKUST-1 is often performed at 180 °C (similarly to this work), the clarification of this
step may help to understand the processes that occur during the activation. The third and
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largest TG step is related to the thermal decomposition and combustion of the organic
ligand. The anomalous shape of the thermal response curves, which is generally not
addressed in the literature, is due to overheating of the sample. 2 Careful observation of
the region above ca 350 °C reveals a slight increase in the TG curve, which becomes
constant after 520 °C. This phenomenon is also often ignored [176, 226, 227, 229]. The
weight increase could be explained by a slow oxygen uptake in oxidation processes.
Fig. 22b compares the TG signals recorded in air and helium atmospheres. The curves are
closely similar up to ca. 280 °C, but significant differences appear above this temperature,
where the structure collapses. While the simultaneous decarboxylation and combustion
of the organic ligands of HKUST-1 is very rapid in air at about 300 °C, its thermal
degradation in helium is less sharp and less complete, in agreement with the observations
of other groups [176, 227, 229]. In helium the weight loss by 400 °C is ca. 13% smaller
than in oxidative medium (Table 2.), where the degradation products can burn out
completely. In helium this step is followed by a long monotonically decreasing tail
(12.8% mass loss) up to the end of the experiment at 800 °C. The total mass loss of 48.3%
in these two stages is close to the observed third mass loss in air.
Table 2. Comparison of TG characteristics of low temperature decomposition stages of
HKUST-1 in air and in helium.
Stage 1
Stage 2
T
∆m
T
∆m
[°C] [%]
[°C]
[%]
TG-MS 25-158 -20.2 158-249 -2.9
Air
TG-FTIR 25-154 -22.0 154-247 -2.7
He TG-FTIR 25-146 -21.0 146-255 -3.1

Gas
Method
flow

Stage 3
T
∆m
[°C]
[%]
249-318 -48.9
247-305 -47.8
255-384 -35.5

Stage 4
T
∆m
[°C]
[%]
318-800 +0.9
305-800 +1.8
384-800 -12.8

To understand the reason of the slight mass increase after the thermal decomposition
in air, samples were heated to 325 and 800 °C, respectively and the residues were
investigated by XRD. The phase analysis revealed that the mass increase above 320 °C
corresponds to the oxidation reaction of Cu 2O (1):
Cu2O(s) + ½O2(g)→ 2CuO(s)

(1)

While the solid residue obtained at 325 °C contained a mixture of 64 wt% Cu 2O and
36 wt% CuO (Fig. S5; calculated by XRD reference intensity ratio – RIR – method), only
2

The large exothermic heat evolving in the decomposition process suddenly overheats the
sample and its surroundings (beyond the expected program temperature) with about 40 °C. As the
curves are recorded as a function of sample temperature, which suddenly increases greatly, it takes
some time until the programmed temperature reaches the actual sample temperature (which
meanwhile probably cools down). Then finally the sample temperature can again return to its
upwards path.
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CuO was detected in the 800 °C sample (Fig. S5). That is, in contradiction to Refs.
176 and 227, in an oxidizing medium the CuO formation is completed only at higher
temperature and not simultaneously with the oxidation/burning of the organic ligand.
(Obviously, in the lack of oxygen, the residual mass contained both CuO and Cu2O;
Fig. S6). Nevertheless, the different results may be due to slightly diverse measurement
conditions. Based on the mass of the CuO residue at 800 °C in air (ca. 29%) and the
stochiometric composition C18H6Cu3O12 of the MOF, the anhydrous HKUST-1 content
of the hydrated sample was found to be 73.65%. The difference between the solvent-free
weight of HKUST-1 determined from the TG curve and calculated from the CuO content
may be due to the slightly higher organic ligand ratio in real crystals (btc3- : Cu2+ = 2.28)
compared to the theoretical composition (2.17). This is consistent with the previous
finding that the crystal growth ends with the formation of mono-ethyl ester, instead of the
incorporation of additional copper ions on the edges and surface of the crystals. Thus, it
can result in higher organic ligand ratio.
Since only limited and contradicting information is available about the composition
of the gaseous products evolving during the thermal decomposition of HKUST-1
[229, 230] and the mass loss in the second step is often neglected in the literature, in situ
evolving gas analysis was performed both in oxidative and inert conditions by FTIR and
MS. Thus, it was possible to check the identity and the origin of the gaseous species
evolved in the various decomposition stages. By evaluating the TG-FTIR spectra obtained
both in air flow (Fig. 23a) and in helium (Fig. 24a) it was confirmed, that the volatile
components released from the non-activated sample in the first stage up to ca. 155 °C
consist only water. In spite of performing the solvothermal synthesis in ethanol-water
mixture and the obtained crystals were washed in ethanol, water alone is retained within
the pores of the air dried sample and released by 155 °C. This observation is also
supported by the TG-MS data obtained under air flow (Fig. S7). Preliminary thermal
analysis on non-activated HKUST-1 samples synthesized in various solvents and solvent
mixtures by our research group showed that the position of this first peak was independent
of the solvent [213, 239]. This observation and the evolving gas analysis imply that if
water is present in any step of the synthesis (as a reaction medium or washing agent), it
almost exclusively fills the pores. The relatively high evaporation temperature is related
to the confinement effect of the micropores as well as to possible chemisorption on the
open metal sites. The finer dynamics of this step can be associated with the three-modal
pore size distribution of the material (5, 11 and 13.5 Å) [211, 212]. Further evaluation of
the in situ spectral series shows that in the frequently overlooked 160-260 °C range a
small but clearly detectable amount of organic vapour is released in air (Fig. 23b).
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a

b

c
Figure 23. Evolution of the gases and vapours emitted under air flow
(130 cm3/min), observed by TG-FTIR analysis. Release of (a) H2O, (b) aliphatic
fragments (determined through the υCH vibrational modes) and (c) CO2 are
tracked by integration of their characteristic absorption bands in the FTIR spectra
collected during a temperature ramp of 10 °C/min. [342]
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d

e
Figure 24. Evolution of the gases and vapours emitted under helium flow
(130 cm3/min), observed by TG-FTIR analysis. Release of a) H2O, b) ethanol and
c) CO2, d) aromatic components and e) benzoic acid are tracked by integration of
their characteristic absorption bands in the FTIR spectra collected during a
temperature ramp of 10 °C/min. [342]
In the absence of oxygen the aliphatic compound was successfully identified as
ethanol (Fig. 24b) in the spectrum taken at 201 °C (Fig. S8), based on a reference
IR spectrum [343]. It is suggested that mono-ethyl esters may form originally in the
synthesis step between the ethanol and some of the carboxylic groups of the H 3btc
molecules and ethanol release originate from the decomposition of these ester groups.
When the mono-ethyl ester groups are incorporated into the crystal in surface or edge
positions, they probably serve as barriers that prevent further growth of the HKUST-1
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crystal in the mother liquor. This may explain the particle size limitation of HKUST-1
crystal growth reported in the literature [123]. Furthermore, this observation also shows
that the water retained in the pores is completely released by 155 °C. This water is about
9.4 mol/HKUST-1 unit, similar to observations of other groups [340]. Part of this water
fills the pores and 3 mol/unit is related to the free Cu sites. As concluded earlier the pore
volume Vtot measured after activation would allow the accommodation of ca.
17 mol water/HKUST-1 unit. This ambiguity may suggest that the structure of the
retained water is different from that of the bulk liquid state. In the third weight loss stage
the results of both auxiliary methods confirm the degradation of organic ligands
(Figs. 23c, 24c-e and S7a).
As a brief summary of the chapter: HKUST-1 was successfully synthesized by
solvothermal method with a yield of 84%. Removal of the retained solvent resulted in the
activated HKUST-1 with highly microporous structure. The apparent surface area and the
total pore volume were 1140 m2/g and 0.50 cm3/g respectively. As expected, 86% of the
pore volume detectable with low temp N2 adsorption is in the micropore range. The
polyhedral crystals were identified by powder XRD measurement. Thermoanalytical
studies were performed both in inert (He) and oxidative (air) media. In helium four, in
oxidative medium three stages were distinguished. Based on the above discussed results
only water is accommodated in the pores of the as-received HKUST-1 which is
completely released by 155 °C. Comparison of the volume of the pores and the amount
of the water allows to conclude that most of the water molecules are bulk like (similarly
to in liquid phase). The free carboxyl groups of the btc units form ethyl-esters with the
co-solvent, which is released at 150-260 °C. Complete oxidation of the copper content
into CuO in an independent step of ligand degradation at 320-520 °C, allows a clear
determination of the theoretical anhydrous HKUST-1 content.
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5.2

Effect of storage conditions (relative humidity) of HKUST-1
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A batch of as received air dried HKUST-1 sample was stored in a sealed vessel and
its characteristic properties were followed for 31 months by XRD, TG and N2 adsorption
measurements (Fig. 25a, b and c respectively). After one year the N2 adsorption capacity
significantly decreased by 50% (Fig. 25a). The characteristic XRD pattern of HKUST-1
was still recognizable in spite of the baseline elevation, peak widening and intensity ratio
changes (Fig. 25b). In the TG curves, there was no significant change, apart from the
decreased water release in the 100 °C region (Fig. 25c). Liang et al. observed same loss
in porosity after three months storage of non-activated HKUST-1 [223].
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Figure 25. Aging of HKUST-1. Following the structural change of HKUST-1 over
31 months by (a) low temperature (-196 °C) N2 adsorption, (b) X-ray diffraction and
(c) thermal analysis (air flow: 130 cm3/min; heating rate: 10 °C/min). Prior to
N2 adsorption measurement the sample was activated in vacuum for 24 hours at 180 °C.
The samples were used without any treatment for XRD and TG measurements. Numbers
mark the age of the sample in month. [344]
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This observation made it clear, that under such conditions HKUST-1 could not be
stored for a long time without a partial collapse of the pore structure. The half-life of the
air dried sample (stored in sealed container) was found 33 month from nitrogen adsorption
properties. It is noteworthy that, according to TG/DTG curves no ester hydrolysis
occurred during the observation period: The signal in the 150-250 °C range is paralell.
No systematic study was found in the literature about the water stability of HKUST-1,
therefore we decided to tackle this problem. Water vapour adsorption was measured on
HKUST-1 samples evacuated at 20 °C, 110 °C and 180 °C. For better comparison Figure
26 shows the adsorbed nitrogen (Fig. 26a) and water (Fig. 26b) volumes related to the
mass of the anhydrous HKUST-1. The evacuation of the sample at 20 °C resulted only in
partial removal of the solvent filling the pores according to the approximately 25% mass
loss during the outgassing procedure. The retained molecules occupy ca 30% of the total
pore volume of HKUST-1 according to the N2 isotherms. Both nitrogen and water vapour
adsorption isotherms confirm that activation at both elevated temperatures leads to the
complete evacuation of the pores.

550
500
450

110

400
180

350
300

20

250
200
150
100
50
0
0.0

0.2

0.4

0.6

0.8

1.0

600
500

180

110

20

400
300
200
100
0
0.0

0.2

0.4

0.6

p/p0 [-]

p/p0 [-]

a

b

0.8

1.0

Figure 26. The (a) nitrogen and (b) water vapour adsorption/desorption isotherms
measured at -196 °C and 20 °C respectively, on the evacuated samples at 20 °C
(light blue), 110 °C (aquamarine) and 180 °C (blue). Full and open symbols mark
the adsorption and desorption branches, respectively. The mass unit refers to
anhydrous HKUST-1. [344]
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Adsorbed H2O volume [cm3,STP/g]

The initial concave shape of the water vapour isotherms indicates that the water uptake
starts on hydrophilic sites. Firstly, water molecules also occupy the open copper sites and
hydrophilic pores and at the end the more hydrophobic pores. The sharp increase in water
uptake at higher relative pressures may be due to the condensation of water molecules in
the interparticular volume [242, 244]. The maximum water uptake is substantially higher
than that of the nitrogen, in accordance with literature data [223, 241, 242, 247]. All samples
display appreciable hysteresis, with the desorption curves failing to return to zero. For the
room temperature treated sample, both the uptake and the hysteresis are more moderate.
This behaviour confirms that once the sample is evacuated the water molecules re-adsorb
to different sites. After evacuation at 20 °C the water uptake is 12.9 mol/mol
(dry HKUST-1), while after evacuation at 110 and 180 °C it is 15.5 mol H2O/mol, which
leaves maximum ca. 2.6 mol retained water in the system after the low temperature
evacuation. This suggests that the water molecules removable only at higher temperatures
belong to the HKUST-1 crystal structure, directly coordinated to the three Cu atoms in
the HKUST-1. Repeated water vapour adsorption/desorption cycles on the HKUST-1
sample evacuated at 20 °C (Fig. 27) reveal that even the “mild” evacuation – if repeated –
leads to the disintegration of the pore network.
450

1st run

400
350
300
250
200

2nd run

150
100
50
5th run

0
0.0

0.1

0.2

0.3

p/p0 [-]
Figure 27. Effect of repeated H2O uptake measurements at 20 °C on the same
sample, each cycle being followed by re-evacuation (without heat treatment or
removal from the sample port) at 20 °C. All water uptakes are normalized with
respect to water-free mass. [344]
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XRD, thermal analysis and low temperature nitrogen adsorption techniques were used
to follow the textural changes of the samples of various pre-history (evacuation
temperature, relative humidity (RH)) according to Figure 28.

Figure 28. Pre-history and measurement methods of the cured HKUST-1 samples
under humid conditions. Air dried (20 °C) and activated (110 °C or 180 °C) samples
were exposed to 11% and 85% relative humidity (RH) for 21 days. XRD and TG
measurements were carried out directly after the treatment. Prior to the low
temperature (-196 °C) N2 adsorption, the cured samples were activated at 180 °C.
XRD and TG measurements were performed on the cured samples without any further
treatment. The characteristic XRD pattern of HKUST-1 is clearly retained in all samples
which were dried in air at 20 °C before exposure to humidity, independently of the
conditions during the three-week storage (Fig. 29a and b: 20_11 and 20_85 respectively).
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Figure 29. Comparison of XRD patterns of the as received samples and that of the
cured samples under (a) 11% and (b) 85% relative humidity. The peaks were
normalized to the maximum intensity peak, and shifted for better visibility. [344]
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No changes were observed in the corresponding XRD diffractograms in terms of the peak
positions and intensity ratios. Although he characteristic peaks of HKUST-1 are still
recognisable in the diffractograms of HKUST-1_110_11 and HKUST-1_180_11, their
broadening and the occasional changes in the intensity ratios are obvious signs of certain
structural changes (Fig. 29a). Evacuated samples exposed to high relative humidity
display completely different XRD patterns (Fig. 29b: 110_85 and 180_85). As a result of
XRD phase analysis (reference patterns in the PDF4+ (Release 2020) database) beside
HKUST-1 a degradation product, namely hydrogen triaqua benzene-1,3,5-tricarboxylate
copper(II) [PDF_00-064-1336: Cu(OOC)2(C6H3COOH) . 3H2O], was identified as minor
components. This product implies that the re-adsorbing water molecules attack the copper
– carboxylate coordination bonds. The main product(s) of the decomposition reaction
could not be identified. Other research groups also studied the effect of water under
various conditions. Liang et al. [223] and Al-Janabi et al. [244] received comparable
changes in the XRD patterns of HKUST-1 after measuring the water vapour
adsorption/desorption isotherms up to RH 97% at 25 °C and RH 90% at 50 °C
respectively. Küsgens et al. kept HKUST-1 crystals in liquid water for 24 hours at 50 °C,
which resulted in analogous structural alternation according to XRD [242]. DeCoste et
al. investigated the combined effect of relative humidity and storage temperature [240].
They exposed activated commercial Basolite C300 to RH 90% at 25 °C for 28 days and
obtained similar result. Although they recognised the alteration in the diffractograms,
none of them could identify any components of the transformed structure.
Nitrogen adsorption was used to investigate the effect of water vapour on the pore
structure of HKUST-1 (Fig. 30). All the samples with different prehistory were evacuated
in vacuum at 180 °C before the adsorption measurement. The shape of the
adsorption/desorption isotherms were found to depend both on the temperature of
pre-treatment and on the relative humidity. The data derived from the nitrogen adsorption
isotherms are listed in Table 3. No change in the isotherm shape (type Ib according to
IUPAC [33]) was observed in the samples evacuated at 20 °C and exposed to RH 11%
and 85% (Fig. 30a: 20_11 and Fig. 30b: 20_85). This implies that the microporous nature
of the as received HKUST-1 was retained, independently of the applied relative humidity.
However, RH 85% lead to a 40% decrease in the porosity, while the lower humidity level
(RH: 11%) caused only minor reduction in the adsorption capacity (Table 3). DeCoste et.
al. observed a 50% decrease in the surface area after keeping HKUST-1 under RH 40%
at 40 °C for 28 days [240]. Moreover, the XRD pattern of their sample also remained
unchanged as the related HKUST-1_20_85 in this work (Fig. 30b). The heated samples
(regardless of the pre-treatment temperature of 110 °C or 180 °C), after exposure to
RH 11% lose more than two thirds of their micropores, but develop mesopores, as attested
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by the conspicuous hysteresis (Fig. 30a: 110_11 and 110_85). The mesopore size
distributions of these samples (Fig. 30c) show a maximum at 25 nm. The adsorptive
capacity of samples evacuated at elevated temperature prior to being exposed to RH 85%
collapses completely as concluded consistently from XRD and nitrogen
adsorption/desorption measurements.
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Figure 30. Comparison of low temperature (-196 °C) N2 adsorption isotherms of
the activated HKUST-1 and that of the cured samples under (a) 11% and (b) 85%
relative humidity; (c) derivative pore size distribution from the adsorption branch
by BJH method. Prior to the N2 adsorption measurements all the samples were
activated at 180 °C for 24 h in vacuum. [344]

69

Results and discussion

Table 3. Apparent surface area (SBET), micropore (Vmicro), total (Vtot) and
mesopore volume (Vmeso) before and after exposure to relative humidity*
Sample
HKUST-1
HKUST-1_20_11
HKUST-1_20_85
HKUST-1_110_11
HKUST-1_110_85
HKUST-1_180_11
HKUST-1_180_85

SBET

Vmicro

Vtot

[m2/g]
1500
1410
880
450
25
425
20

Vmeso
[cm3/g]

0.56
0.53
0.34
0.18
0.01
0.16
0.01

0.61
0.59
0.39
0.44
0.04
0.43
0.05

0.05
0.06
0.05
0.26
0.03
0.27
0.04

The thermogravimetric responses of the HKUST-1 samples with the various
pre-history are shown in Figure 31a and b. As it was discussed (Chapter 5.1.1), the
thermal degradation of the as received HKUST-1 occured in three steps, namely water
release (30-150 °C), decomposition of mono-ethyl ester groups (150-250 °C) and
combustion of the organic ligands (250-320 °C). The thermal degradation of the organic
linkers in the treated samples occurs at the same temperature, however,
HKUST-1_110_85 and HKUST-1_180_85 show a slightly higher thermal stability,
certainly because their structure was completely transformed into other crystal phases
(Fig. 29). Figure 31c and d shows the DTG curves up to 250 °C revealing the significant
alteration in the first two mass loss steps of the cured samples. The DTG curves
corresponding to the pre-heated and RH-retreated samples indicate the re-allocation of
water molecules in the HKUST-1 after the partial (evacuation at 20 °C) or complete
(evacuation at the higher temperatures) removal of the initial water molecules prior to the
water vapour treatment. Based on the results so far, not surprisingly, TG and DTG curves
of HKUST-1_20_11 and the parent HKUST-1 are very similar (Fig. 31a: 20_11). The
alternation of the relative humidity resulted in the decrease of the water content. However,
when the as received HKUST-1 is exposed to higher relative humidity the spectacular
flattening in the 150-250 °C range indicates the absence of ethanol release
(Fig. 31b: 20_85). It is assumed that the higher chemical potential of the water vapour
results in the hydrolysis of the ester bonds. The new peak that develops in the DTG curve
of HKUST-1_20_85 at 150 °C is a sign of the decay of the non-activated HKUST-1
crystals exposed to the higher RH. Porosity loss of HKUST-1_20_85 also confirms the
changes, although the corresponding XRD pattern shows no sign of the change.
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Figure 31. Comparison of (a, b) TG curves and (c, d) DTG curves up to 250 °C
(air flow: 130 cm3/g; heating rate: 10 °C/min) of non-activated HKUST-1 and that
of the cured samples under (a, c) 11% and (b, d) 85% relative humidity. [344]
The lack of the second DTG peak in case of the thermally activated samples treated
in 11% relative humidity (Fig. 31c: 110_11 and 180_11) indicates, that heating at high
temperature in vacuum followed by the re-adsorption of water molecules on the activated
HKUST-1 also leads to the decomposition of the ester groups. Moreover, the water may
also react with the HKUST-1, partially degrading its framework. The most spectacular
change occurred when the samples activated at 110 and 180 °C were exposed to the higher
RH (Fig. 31d: 110_85 and 180_85). In their DTG curves, five peaks can be identified,
although the second and the third ones overlap. It is reasonable to suppose that under
these conditions there is enough water to hydrolyse not only the ester bonds but also the
Cu – carboxylic coordinations, leading to the complete disintegration of the HKUST-1
structure. Thus, more than one site of the copper ions will be free to form strong
coordination bonds with water molecules. These will be released above 100 °C [345].
The thermal degradation of the already mentioned sample of DeCoste et al.
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(Basolite C300, treated in RH 90% at 25 °C for 28 day) occurred in similar steps [240].
They suggest that the weight loss events result of the formation of new binding sites for
water molecules during the aging or of degradation products of HKUST-1.
Consequently, the history before exposure to humidity and the RH together influence
the degradation of HKUST-1. XRD, N2 adsorption and TG results consistently show that
the initial water content of the as received HKUST-1 ensures a certain level of protection.
Even at 85% relative humidity, more than half of the microporosity remained after 21 day
if the pores were not initially emptied. The complete elimination of the water molecules
at elevated temperature makes the structure more vulnerable. Even after such treatment
at RH 11% the crystalline structure and thus the pore network are partially preserved.
5.3

Compression of HKUST-1 powder

HKUST-1 was prepared in powder form, which is not desirable from a practical point
of view. Thus, the as received (air dried) HKUST-1 powder was pelletized under 25, 50,
100 and 200 bar, using an OL57 hydraulic press. The compacted samples are referred as
HKUST-1_applied pressure in the text, e.g. HKUST-1_25 means HKUST-1 pressurized
at 25 bar. Interestingly, at pressures above 100 bar the surface of the discs were wet when
the hydraulic press was opened. After a few seconds, the moisture was re-sucked by the
sample.
Compact pellets were already formed at 25 bar (Fig. 32a: inset). The external and
fracture surface of the 25 bar and 200 bar pellets are compared in Figure 32. It is well
observable, that the free volume between the individual crystals diminishes. The external
surface of HKUST-1_200 is more homogenous. The fracture surface of the same sample
indicates that the high external mechanical force resulted in the fusion of the individual
crystals.
The pressure induced changes of the crystalline structure were followed by XRD
(Figure 33.). Characteristic XRD pattern of HKUST-1 was clearly recognisable in all
diffractograms, although, peak widening and the increased base line may indicate a partial
amorphization of the framework. The position of the peaks shifts to slightly larger angles
implying a decreased interplanar distance and shortened bond lengths. The pellets
prepared in a similar technique by Kim et al. showed structural changes already at 25 bar.
In contrast, when HKUST-1 was compressed in a diamond anvil cell (DAC) up to
4000 bar no alteration in the XRD pattern was observed [360]. This strongly supports the
finding of Dhainaut et al., that the pressure-induced amorphization depends significantly
not only on the magnitude of the applied pressure but also on the used instrument for
compacting [266].
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Figure 32. Comparison SEM images of the external surface of the formed
HKUST-1 pellet under (a) 25 bar and (b) 200 bar and the fracture surface of the
pellets compacted at (c) 25 bar and (d) 200 bar. Macroscopic appearance of
HKUST-1 pellet formed under 25 bar showed in (a) inset. [348].
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Figure 33. XRD patterns of HKUST-1 pellets, compacted under 25 bar (green),
50 bar (red), 100 bar (yellow) and 200 bar (purple). For comparison, XRD pattern
of powered HKUST-1 (blue) is also shown. The peaks were normalized to the
maximum intensity peak, and shifted for better visibility. [348].
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Nitrogen adsorption/desorption isotherms confirmed that the alternations in the XRD
patterns were related to the changes in the pore structure (Fig. 34). Already the lowest
pressure applied (25 bar) causes significant loss in the porosity: the apparent surface area,
the total and micropore volumes decrease more than 40% (Table 4). Increasing the
pressure systematically diminishes the N2 adsorption. The porosity damage is comparable
to the results reported by Kim et al. [346]. The appearing hysteresis loop of type H4
indicates the formation of slit-like mesopores. The reason of the mesopore evolution may
be the partial degradation of the isoreticular structure, which also reduces the crystallinity,
as revealed by XRD. Based on reference works and our observations the formation of
mesopores has to be a complex phenomenon [52, 181, 267, 347]. However, it is a general
observation that an increase in external pressure increases the degree of amorphization of
the HKUST-1 structure [348, 349].
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Figure 34. N2 adsorption/desorption isotherms of HKUST-1 pellets, compacted
under 25 bar (green circle), 50 bar (red triangle), 100 bar (yellow diamond) and
200 bar (purple star). For comparison, isotherm of powered HKUST-1 (blue
square) is also shown. [348].
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Table 4. Data deduced from low temperature (-196 °C) nitrogen adsorption
measurements on HKUST-1 powder and pellets
Sample
HKUST-1
HKUST-1_25
HKUST-1_50
HKUST-1_100
HKUST-1_200

SBET
[m2/g]
1560
855
755
710
560

Vmicro
[cm3/g]
0.58
0.33
0.29
0.27
0.22

Vtot
[cm3/g]
0.66
0.40
0.35
0.31
0.28

In summary, mechanically stable HKUST-1 pellets were successfully prepared under
25-200 bar external pressures, however, there is a high price to pay, namely an increasing
loss in the crystallinity and the porosity of the MOF [348].
5.4

Associated systems with nanostructured carbon materials

To reveal the potential of carbon aerogel (CA) and graphene oxide (GO) in the
improvement of the mechanical stability and water resistance of HKUST-1, binary
associated systems were prepared and investigated. In case of HKUST-1 – CA materials,
physical mixture of HKUST-1 and CA (HKUST-1+CA) was compared to systems of
similar composition (HKUST-1@CA), where the crystal growth occurred in the presence
of CA by adding it to the precursor solution of HKUST-1. The effect of graphene oxide
was studied only in the latter case: for the HKUST-1@GO samples HKUST-1 crystals
were formed in the presence of GO.
5.4.1

Characterization of the composites

5.4.1.1. HKUST-1 − carbon aerogel systems
For the preparation of the “chemical” HKUST-1@CA composite, HKUST-1 was
grown in the presence of powdered CA. The HKUST-1 : CA ratio became 1:1. HKUST-1
and CA were mixed in the same ratio to obtain the HKUST-1+CA physical mixture.
SEM micrographs of the pristine porous carbon aerogel and HKUST-1@CA are
shown in Figure 35a and b respectively. On the SEM image of HKUST-1@CA crystals
with characteristic polyhedral shape of HKUST-1 (Fig. 35b: in blue circle) are clearly
distinguishable from the CA particles with various shapes and sizes (Fig. 35a and b: in
pink circle).
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a

b

Figure 35. SEM images of (a) CA and (b) HKUST-1@CA in which a HKUST-1
crystal highlighted in blue circle, and a CA particle in a pink circle. [348]
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The diffraction profile of the HKUST-1@CA composite confirms the presence of the
HKUST-1 crystals (Fig. 36). In the composite samples the peak positions do not change,
only a slight peak broadening being observed, probably due to the presence of the
amorphous CA. HKUST-1 formation in the presence of carbon aerogel was successful.
The chemical nature of the copper in the HKUST-1@CA composite samples was studied
by XPS (Fig. S9). The shake-up satellite in the Cu2p region is a clear sign of Cu 2+. No
chemical interaction between the Cu atoms and the CA surface was identified.
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Figure 36. XRD diffractograms of HKUST-1 (dark cyan), HKUST-1@CA (pink),
HKUST-1+CA (burgundy) and CA (black) The peaks were normalized to the
maximum intensity peak, and vertically shifted for better visibility. [348]
The porous structure of the composite and the physical mixture are very similar
(Fig. 37). The isotherm of CA, of Type IV according to IUPAC classification [33], reveals
the presence of micro- and relatively wide mesopores and these features are clearly
recognizable in the isotherms of the composite samples. The pore size distribution of the
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HKUST-1@CA and HKUST-1+CA, as will be shown later in Figure 55c and d
respectively, shows mesopores with a typical diameter of 30 nm in both systems.
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Figure 37. Comparison of the low temperature (-196 °C) nitrogen
adsorption/desorption isotherms of (a) HKUST-1, (b) CA, (c) HKUST-1@CA and
HKUST-1+CA. [348]
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Table 5 lists the numerical characteristics deduced from the isotherms. A set of
theoretical data (Xtheor) was also created for the HKUST-1@CA and HKUST-1+CA
assuming that the adsorption capacity of the components is additive. Apparent surface
area was used as a benchmark to characterize the systems. While the calculated data of
HKUST-1+CA are very close to the measured values, HKUST-1@CA shows a more
complex feature. The isotherm of HKUST-1@CA (Fig. 37c) is similar to CA (Fig. 37b)
in the low p/p0 range, but the slope in the mesoporous range is less steep than that of the
host aerogel alone. The contribution of HKUST-1 to the BET area is much lower than the
theoretical value. These observations imply that HKUST-1 crystals may also grow in the
mesopores of the CA. Similar experience have been reported by other groups with various
porous carbon associated materials [262, 298]. The high tunability of the porosity and
surface chemistry of resorcinol-formaldehyde-based carbon aerogels can also be utilized
in their HKUST-1 composites.
Table 5. Data deduced from low temperature (-196 °C) nitrogen adsorption
measurements on carbon aerogel – HKUST-1 systems
Sample

HKUST-1
CA
HKUST-1@CA
HKUST-1+CA

SBET
[m2/g]
1560
875
925
1235

Measured
Vmicro
Vtot
3
[cm /g] [cm3/g]
0.58
0.66
0.35
2.2
0.35
2.3
0.47
2.8

SBET
[m2/g]
1240
1210

Theoretical*
Vmicro
Vtot
3
[cm /g] [cm3/g]
0.47
1.4
0.46
1.4

*Theoretical values were calculated from the corresponding measured data as
𝑚
𝑋
+𝑚 𝑋
𝑋𝑡ℎ𝑒𝑜𝑟 = 𝐻𝐾𝑈𝑆𝑇−1 𝐻𝐾𝑈𝑆𝑇−1𝑚𝑒𝑎𝑠 𝐶𝐴 𝐶𝐴𝑚𝑒𝑎𝑠. X is the characteristics in question, mHKUST-1
𝑚𝐻𝐾𝑈𝑆𝑇−1 +𝑚𝐶𝐴

and mCA are the mass of the solvent free HKUST-1 and dry CA, respectively.

The difference between the composite and the physical mixture is even more obvious
in their thermal behaviour (Fig. 38). Already a simple inspection of the corresponding
curves (Fig. 38c and d) shows that the MOF confined within the pores has a substantial
impact on the thermal behaviour of the CA. CA exhibits three characteristic regions
corresponding to i) the loss of adsorbed water, ii) decomposition of surface groups and
iii) combustion. The behaviour of the binary samples up to 270-280 °C is similar. Above
that temperature the difference becomes substantial. In HKUST-1@CA the oxidative
decomposition of the two components intervenes and the process ends by 410 °C, much
below the temperature of the combustion step of pristine CA. As at least a part of the
HKUST-1 develops within the pores of CA, the evolving gases cannot easily leave the
pores and their residence time is long enough to react with the CA. Two distinct steps are
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observable in the HKUST-1+CA corresponding to the practically independent thermal
degradation of the organic ligands of HKUST-1 (-23.7% loss) around 320 °C, and to the
oxidative decomposition of CA (-39.1%) above 410 °C. As discussed earlier, the slight
mass increase following the sharp thermal decomposition originates from the
transformation of Cu2O to CuO. It can also be used to to estimate the HKUST-1 content
of the binary samples. Thus, the HKUST-1 content estimated from the mass of the
corresponding residues at 800 °C was found to be very close to the value expected from
the preparation conditions (∼39%).

+

60

40
340 °C
27.1%

20
0

0

200

40

535 °C
27.9%

+

400

+

20
0
800

600

60

40

40

0

+

0

200

60
40

40
345 °C
23.5%

20

+

409 °C
16.5%

+

+

20

TG, Weight [%]

HKUST-1@CA
TG
80
DTG

+

600

116 °C
81.9%
+
+
279 °C
78.9%

0

200

+0
800

80
60

100
HKUST-1+CA
TG
80
DTG
350 °C
55.2%

60

+

40

40

20

628 °C
16.1% 20

+

16.5%
0

0.9%

b
HKUST-1+CA
100

DTG [%/°C]

TG, Weight [%]

60

266 °C
74.7 %

+

400

Temperature [°C]
100

80

20

620 °C
1.9%

20

a
116 °C
77.4 %

TG
DTG 80

410 °C
5.2%

60

Temperature [°C]
100

100

CA

+

DTG [%/°C]

250 °C
69.9%

+

67 °C
80 96.2%

400

600

0

0
800

DTG [%/°C]

60

100

100
HKUST-1
TG
DTG 80

TG, Weight [%]

80

129 °C
77.3%
+

DTG [%/°C]

TG, Weight [%]

100

+

15.3%
0

200

400

600

Temperature [°C]

Temperature [°C]

c

d

0
800

Figure 38. Comparison of the thermal decomposition of (a) HKUST-1, (b) CA,
(c) HKUST-1@CA and HKUST-1+CA (air flow: 130 cm3/g; heating rate: 10
°C/min). [348]
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5.4.1.2. HKUST-1 − graphene oxide systems
GO was used in suspension form and its concentration in the reaction mixture varied
between 1 and 2.5 g/dm3 to prepare HKUST-1@GO with optimal properties.
Five samples of different GO content were synthesized by systematically increasing the
GO concentration (1, 1.5, 2, 2.5 g/dm 3) in the precursor mixture (Table 6). The
composites are labelled as HKUST-1@GO-cGO, where cGO is the GO concentration in the
synthesis mixture. GO was used in suspended form as obtained from the improved
Hummers’ method [291], unlike the synthesis routes reported by other groups [308-310,
314, 317, 327, 350-351]. In this way the drying and re-suspension of the GO can be
circumvented. The presence of GO hardly influences the yield of MOF except when
50 mg of GO is added. Here the yield drops by almost 25% (Table 6.).
Table 6. Composition of HKUST-1@GO samples
Sample
HKUST-1
HKUST-1@GO-1
HKUST-1@GO-1.5
HKUST-1@GO-2
HKUST-1@GO-2.5

mGO*
0
20
30
40
50

mdry*

[mg]
213
215
227
249
212

Yield
of HKUST-1*
[%]
84
77
78
82
64

GO in composite
[wt%]
0
9
13
16
24

*mGO is the mass of the GO added to the reaction mixture; mdry is the mass of the composite
after evacuation at 110 °C; yield of HKUST-1 was calculated from weight gain and the
stochiometric production of the solvothermal synthesis

The polyhedral HKUST-1 crystals can be clearly distinguished from the attached GO
plates based in the SEM images (Fig. 39). The GO sheets adhere strongly to the surface
of the MOF crystals. GO partially wrap the HKUST-1 crystals, independently of the
added GO amount. The crystal shapes are very similar to that of the pristine HKUST-1
(Fig. 39a) and the ones formed in the presence of CA (Fig. 35b) under the same conditions
as HKUST-1@GO (Fig. 39b-e). The effect of GO on the HKUST-1 crystals is
spectacular. The addition of the lowest amount of GO practically doubles the size of some
of the crystals (Fig. 39b). A further increase in the GO concentration (Figs. 39c and d)
gradually decreases the crystals to the typical size of “free” HKUST-1 (Fig. 39a). At the
highest GO concentration tested, rod- and flower-like structures were formed (Fig. 39e)
besides the usual polyhedral crystals. No such formations were observed in the other
samples. It is assumed that the large amount of GO sheets acts as a physical barrier,
inhibiting or slowing down the crystal growth and thus leading to the rod- and flowerlike structures and a reduced yield (Fig. 39e). Moreover, the acid/base properties of the
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GO itself have an influence on the self-assembly of the HKUST-1 precursors, and thus
may contribute to this spectacular morphology. (Previous spectrophotometric and zeta
potential measurements of our research group confirmed that the pKa of this GO is in the
region 4-5 [354].)

a

b

c

d

e
Figure 39. Polyhedral HKUST-1 crystals and GO wrapped crystals are clearly
shown in the SEM images of (a) HKUST-1; (b) HKUST-1@GO-1;
(c) HKUST-1@GO-1.5 and (d) HKUST-1@GO-2. The new interesting flower
like structure is appeared in case of the (e) HKUST-1@GO-2.5 sample. The
scalebar is 10 μm. [353]
Wang et al. used different modulators (sodium formate, sodium acetate and
triethylamine) to control the morphology and size of HKUST-1 [328]. They demonstrated
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that pH can indeed significantly influence crystal growth by affecting the protonation of
benzene-1,3,5-tricarboxylate (btc3-) ligands and, thus, the crystal nucleation. Only
rod like structures were observed in the corresponding SEM images.
The HRTEM images in Figure 40 show that the bulky crystals of HKUST-1 are built
up from nanosized crystalline particles that eventually ripen into larger crystals through
oriented attachment [355]. In the pristine HKUST-1 (Fig. 40a), the average size of the
nanocrystals is ca. 4.6 nm, while in HKUST-1@GO-1 (Fig. 40b) and HKUST-1@GO-2.5
(Fig. 40c), they are typically larger, around 7.6 and 11.0 nm, respectively. The larger size
implies that the nucleation of HKUST-1 crystals and their oriented ripening may be
slightly inhibited in the presence of GO.

a

b

c

Figure 40. HRTEM images of (a) HKUST-1 (b) HKUST-1@GO-1;
(c) HKUST-1@GO-2.5. The scalebar is 50 nm. [353]
Powder X-ray diffractograms of the composites confirm that the polyhedral shapes
shown in the SEM images are indeed HKUST-1 crystals. The characteristic XRD pattern
of HKUST-1 was clearly observed in all the composite systems (Fig. 41) as well as in the
previously presented HKUST-1@CA (Fig. 36). In the diffractogram of the pure GO, the
broadened peak centered at 2θ = 10.9° corresponds to the modus of spacing distribution
of 8.1 Å, deduced from the Bragg equation [356]. During the hydrothermal synthesis GO
undergoes further exfoliation [314, 316, 319, 320]. The high resolution TEM images
reveal that the GO sheets are well dispersed in the associated material and are directly
attached to the HKUST-1 crystals. Thus, the characteristic peak of GO does not appear
in the signal of the composites. The diffraction results show no difference in the
crystalline patterns compared to HKUST-1, except in the case of HKUST-1@GO-2.5.
The latter diffractogram contains additional peaks (Fig. 41: *), which may correspond to
different structures (Fig. 39e). Interestingly, the peak positions in the XRD patterns of
crystals prepared in the presence of sodium formate (six equivalents with respect to btc 3-)
by Wang et al. are in good agreement with the additional peaks in the HKUST-1@GO82
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2.5 sample [328]. Presumably, the effect of GO and sodium formate in the reaction
mixture is very similar: they shift the original pH = 2.05 of the synthesis mixture to higher,
but still acidic, values.
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Figure 41. XRD patterns of the pristine GO, HKUST-1 and the composite
materials with different GO content. The peaks were normalized to the maximum
intensity peak, and shifted for better visibility. * marks the peaks not identified in
HKUST-1.
Nitrogen adsorption/desorption isotherms were used to reveal the effect of GO on the
porous texture (Fig. 42). The composites, similarly to HKUST-1, are highly microporous
(Fig. 42a). Unlike HKUST-1 itself, all the GO containing samples exhibit a flat, elongated
hysteresis loop of Type H4 [33], often found with aggregated crystals (Fig. S10).
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Figure 42. Comparison of (a) low temperature (-196 °C) nitrogen
adsorption/desorption isotherms of the pristine HKUST-1 and the composite
materials with different GO content, and (b) their integral pore size distribution
determined by BJH model from the adsorption branch of the isotherms. The
validity of the method is limited to the 2-50 nm range, the vertical dash line marks
the 2 nm. [353]
The evolution of the hysteresis loops is a sign of alteration of the texture in the
mesopore range, even if these changes are beyond the sensitivity of the XRD technique.
GO alone, without a deliberately designed multidimensional structure, is not a highly
porous material. When it is dispersed in the composite systems it adheres to the crystals,
thus affecting the development of their pore structure. Only the 50 mg GO content in
HKUST-1@GO-2.5 results in a significant deviation from the isotherm of pure
HKUST-1. Therefore, it is not surprising that the values of SBET, Vmicro and Vtot of the other
composites are very similar and close to those of pure MOF except HKUST-1@GO-2.5
(Table 7). The largest GO content induced a dramatic change: the values of SBET, Vmicro
and Vtot all decreased by about 60%. This may be related to the different crystal formations
having different pore structures and thus limited adsorption properties. As kernel files
necessary for DFT (Density-functional theory) based calculations are not available for
associated systems the pore size distribution (PSD) was calculated with the BJH method
(Fig. 42b). This Kelvin equation based method is limited to the mesopore range, thus pore
size distribution below 2 nm (vertical dash line) should be treated with caution. The
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isotherms and these PSD curves concomitantly show the strong influence of GO in the
mesopore region.
Table 7. Characteristic data of HKUST-1@GO samples derived from low
temperature nitrogen adsorption/desorption isotherms
SBET

Vmicro

Vtot

Vmeso

Sample
[m2/g] [cm3/g] [cm3/g] [cm3/g]
GO
HKUST-1
HKUST-1@GO-1
HKUST-1@GO-1.5
HKUST-1@GO-2
HKUST-1@GO-2.5

20
1500
1470
1500
1550
560

0.01
0.55
0.54
0.56
0.57
0.21

0.07
0.62
0.61
0.63
0.65
0.27

0.06
0.07
0.07
0.07
0.08
0.06

The data in Table 7 reveal that the surface area of the associated samples is not a linear
combination of the components. Figure 43 compares this observation with various
references. At lower GO content there is a synergism, but higher GO content reduces the
surface area. A correct comparison is almost impossible as GO is a poorly defined
material; its properties (size, surface chemistry, etc.) depend strongly on several factors
including the synthesis conditions. Moreover, the manufacturing of the associated
material is also a complex process. The following elements of the mechanism have been
recognized: i) the oxygen-containing functional groups of the GO interact with the Cu 2+
ions, and the GO sheets thus provide nucleation sites for HKUST-1 growth; ii) the
presence of GO reduces the spatial freedom for crystal growth; iii) too much GO disturbs
the crystal formation; iv) at high GO concentration, GO can agglomerate, which also may
lead to distorted structures [311, 312, 356]. The interactions between the
oxygen-containing functional groups and the copper ions may result in new micro-, mesoand/or macro-pores [310, 312, 315, 357]. Interestingly, none of these studies addresses
the possible influence of GO on the pH of the synthesis medium [328]. Nevertheless,
Figure 43 reveals that the apparent surface area of our samples is comparable to the
highest values reported by other groups [308, 309, 311, 312, 315, 318-320, 357].
The concentration-dependent effect of GO implies that the GO content must be optimized
according to the desired performance, e.g., to obtain the best adsorption properties.
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Figure 43. Influence of GO content on the apparent surface area of the associated
HKUST-1@GO. Comparison of the present results and reference data.[353]
Thermal stability of the composites was also investigated in air. Figure 44a shows the
full temperature scale TG curves of the parent materials (HKUST-1 and GO) and of a
selected composite, namely HKUST-1@GO-2. Figure 44b highlights the derivatives of
the same curves (DTG plots) up to 350 °C (Figure S11) summarizes the thermal behaviour
of all the prepared HKUST-1@GO composites). GO loses the physically adsorbed water
prior to 150 °C, and above 150 °C the oxygen-containing functional (carboxylic and
lactone) groups decompose [358]. Around 550 °C, the GO starts to burn [359].
The thermal behaviour of the composites is similar to that of pristine HKUST-1. As it
was discussed earlier, the first step (30-125 °C) in the TG signal of HKUST-1
corresponds to water released from the pore system. The range 125-250 °C is related to
the evaporation of the thermally hydrolysed ethanol from the ethyl ester of the H 3btc
ligands formed at the edges of the HKUST-1 crystals. The sharp step at 300 °C marks the
oxidation of the organic ligand. The peak positions in the DTG curves in the 30-250 °C
temperature range of the composites are shifted to slightly lower temperatures compared
to HKUST-1, possibly indicating that the release of the volatile species from the planar
GO surface requires less energy than from the narrow capillaries of the MOF. (The
difference of the “water” peaks below 100 °C may come from the uncontrolled humidity
of the laboratory air.). Figure 44b reveals that the ratio of the peaks from water and
chemisorbed ethanol are notably different in HKUST-1 and HKUST-1@GO-2, implying
that the carboxyl groups of GO also form ethyl esters during the synthesis [316]. The
characteristic decay at about 550 °C of GO disappears in all the composites (Figs. 44 and
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S11). The heat generated and the presence of Cu as a potential catalyst result in the
parallel oxidation of the GO in the same way as in case of HKUST-1@CA (Fig. 38c).
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Figure 44. Comparison of (a) TG and (b) limited temperature range DTG curves
of the parent materials in air. HKUST-1 (light blue) and GO (black) and
HKUST-1@GO-2 composite. [353]
In summary, the formation of HKUST-1 was equally successful in the presence of CA
and GO under solvothermal conditions. Exclusively HKUST-1 formed with 100 mg CA
and 10-40 mg GO, but higher GO content led to the formation of partly non-recognisable
side-product(s) with different crystal structure and porosity. The different nature of the
nanostructured carbon materials resulted in diverse composite systems.
In HKUST-1@CA the crystal growth occurred also in the pores of the CA, thus better
integration was achieved than in the HKUST-1+CA physical mixture. In the latter the
characteristic decomposition of the two components is well distinguished [348, 353]. In
HKUST-1@GO systems, GO sheets are uniformly dispersed in the system and attached
to the HKUST-1 crystals. All the composites develop mesopores in contrast to the fully
microporous HKUST-1. In HKUST-1@CA these mesopores are primarily inherited from
CA. In the HKUST-1@GO they are created at the interface of HKUST-1 crystals and GO
sheets. The thermal behaviour of the HKUST-1@CA and HKUST-1@GO is very similar
to the pristine HKUST-1 which also shifts the decomposition of the nanostructured
carbon materials to lower temperature.
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5.4.2

Adsorption of methane, hydrogen and carbon dioxide
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Methane, hydrogen and carbon dioxide adsorption performance of the composite
materials was investigated to reveal the effect of the nanostructured carbon incorporation.
The methane adsorption isotherms are compared in Figure 45.
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Figure 45. Atmospheric methane adsorption capacities (0 °C) of (a) carbon
aerogel and (b) graphene oxide based composites. [348, 353]
Independently from the type and added amount of nanostructured carbon and the
preparation method (physical mixing or solvothermal growth) the composites exhibit
similar methane uptake with an average of 31 cm3/g (1.2 mmol/g) at 0 °C, 1 bar (Table 8),
which is between the adsorption capacity of pristine HKUST-1 (29-31 cm3/g;
1.3-1.4 mmol/g) and carbon aerogel (33 cm 3/g; 1.5 mmol/g).
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The atmospheric hydrogen (-196 °C) and carbon dioxide (0 °C) uptake of the
HKUST-1@GO composites was also investigated (Fig. 46).

150

100

50

0

0

250

HKUST-1
HKUST-1@GO-1
HKUST-1@GO-1.5
HKUST-1@GO-2
HKUST-1@GO-2.5

200
150
100
50
0

200 400 600 800 1000

/
/
/
/
/

300

0

200 400 600 800 1000

p [mbar]

p [mbar]

a

b

Figure 46. Comparison the (a) carbon dioxide (0 °C) and (b) hydrogen (-196 °C)
adsorption capacities graphene oxide based composites. [353]
The adsorption performance of N2 (Fig. 42), CH4 (Fig. 45b), CO2 (Fig. 46a), and H2
(Fig. 46b) displays different trends according to GO content (Table 8). A comparison of
the sets of isotherms shows that only the HKUST-1@GO-2.5 sample again exhibits
significant deviation from the other samples. The H2 adsorption capacity of the composite
systems does not reach that of pristine HKUST-1 (11.5 mmol/g). HKUST-1@-GO-2 is
the best, with 10.9 mmol/g. The very similar CH 4 adsorption capacities of all the
GO-containing samples (except HKUST-1@GO-2.5), 1.3 ± 0.1 mmol/g on average, is
only slightly lower than that of pure HKUST-1. Data in Table S1 (for comparison reported
as mmol/g) show that the static adsorption capacity of HKUST-1@GO samples (except
HKUST-1@GO-2.5) is comparable to that of the best-performing HKUST-1@GO
composites reported by other groups. Although the CO2 adsorption capacity of HKUST-1
(4.0 mmol/g) is below the 6-8 mmol/g uptake reported by other groups, but the uptake of
the composites (except HKUST-1@GO-2.5), ca. 8.5 mmol/g, is very close to the values
published by other authors [308, 311, 312, 315].
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Table 8. Comparison of the adsorption capacities at atmospheric pressure for
N2 and H2 at −196 °C and CH4 and CO2 at 0°C.
Sample
HKUST-1*
CA
HKUST-1@CA
HKUST-1+CA
HKUST-1**
HKUST-1@GO-1
HKUST-1@GO-1.5
HKUST-1@GO-2
HKUST-1@GO-2.5

N2
429
1388
1459
1809
402
394
406
418
174

Uptake
[cm3, STP/g]
H2
CH4
29
33
30
32
261
31
223
28
206
29
247
31
87
12

CO2
91
196
194
192
52

* Ref. 361; ** Ref. 358

The methane adsorption performance of HKUST-1 was quite well preserved during
the composite formation both with CA and GO. Furthermore, HKUST-1@GO
composites (except HKUTS-1@GO-2.5) adsorbed more than twice as much carbon
dioxide as HKUST-1, while HKUST-1@GO-2 showed the best hydrogen adsorption
performance among composites.
To reveal the effect of the nanostructured carbons on the mechanical stability and the
water resistance of HKUST-1 in associated systems, HKUST-1@CA, HKUST-1+CA
and – on the basis of the morphological characteristics and the adsorption performance –
HKUST-1@GO-2 was tested in additional experiments.
5.4.3. Behaviour of the carbon composites in humid conditions
The effect of the CA support on sensitivity to water was tested on the HKUST-1,
HKUST-1@CA and HKUST-1+CA samples after preheating at 180 °C where all the
liquids filling the pores were removed (Fig. 47). The polar HKUST-1 adsorbed about
twice as much water as the nonpolar CA. The binding sites of different strengths are
clearly recognizable from the adsorption isotherm [242]. As expected, the interaction
between the water molecules and the HKUST-1 is much stronger than in the case of CA,
as reflected in the initial slope of the isotherms. The adsorption/desorption process is
irreversible, water molecules being retained in the pores in both pure samples. In the
composite samples the polar character of the MOF defines the shape of the isotherms.
The presence of CA reduces the water adsorption capacity, this effect is more pronounced
in HKUST-1+CA. The different binding sites are still distinguishable and the inflections
occur at the same p/p0 values, but the shape of the isotherms is slightly different.
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Relative adsorbed H 2O volume [%]

HKUST-1@CA and HKUST-1+CA adsorbs slightly lower amount of water vapour
which may delay the degradation of HKUST-1. The adsorption capacity of the associated
systems is significantly lower than that of HKUST-1. This limited protection may be too
high price for sacrificing the excellent adsorption capacity.
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Figure 47. Water vapour adsorption/desorption isotherms measured at 20 °C on
the evacuated (180 °C) HKUST-1 (blue square),CA (black circle), HKUST-1@CA
(pink triangle) and HKUST-1+CA (wine diamond). The maximum adsorption of
HKUST-1 was set to 100%. [348]
In order to study the influence of the GO as a potential protecting associate component
the behaviour of the selected HKUST-1@GO-2 composite was investigated under the
same conditions as HKUST-1 in section 4.2. HKUST-1@GO-2 samples dried at 20 °C in
air under ambient conditions (RH 40-50%) or activated at 110 °C (vacuum, 24 h) were
exposed to atmospheres of RH 11% and 85% at 25 °C for 21 days. Similarly, to the RH
exposed HKUST-1, the treated materials were denoted as sample name_drying
temperature_relative humidity. Thus, HKUST-1@GO-2_110_11 refers to the composite
which was activated at 110 °C and then exposed to 11% relative humidity.
Powder XRD was performed on the cured HKUST-1@GO-2 without further
treatment. Figure 48 compares the XRD profiles of the HKUST-1@GO-2 (Fig. 48a) and
of HKUST-1 samples (Fig. 48b) with the same prehistory.
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Figure 48. XRD profiles of (a) HKUST-1@GO-2 and (b) HKUST-1 before and
after exposure to humid air. Blue and orange patterns belong to initial air dried
HKUST-1 and HKUST-1@GO-2, respectively. Initial air dried (20 °C) and
activated (110 °C, vacuum) materials were exposed to RH 11% and 85% at 25 °C
for 21 days and then measured without further treatment. [353]
The XRD patterns of HKUST-1@GO-2 treated under the same conditions as HKUST-1
shows almost the same changes. However, the peak widening and baseline increase in
case of HKUST-1@GO-2_110_11 seems to be less dramatic. The high relative humidity
of the activated samples resulted in total structural transformation in both sample set.
The disintegration is also clearly visible in the SEM images of the corresponding samples
(Figure 49.). In the high humidity environment following the activation at 110 °C the
formerly polyhedral crystals become lamellar, even in the presence of GO.
Such structures were not observable in the other samples.

a

b

Figure 49. SEM images of (a) HKUST-1@GO-2_110_85
(b) HKUST-1_110_85. The scale bar is 10 µm. [353]
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The changes in the isotherms of HKUST-1@GO-2 (Fig. 50a) and HKUST-1
(Fig. 50b) samples of identical prehistory show very similar trends. The data derived from
the nitrogen adsorption measurements of HKUST-1@GO-2 are listed in Table 9, the
corresponding data of HKUST-1 are shown in Table 3. GO obviously provides a
remarkable degree of protection when the non-activated sample is exposed to 85%
relative humidity (labeled as 20_85). HKUST-1 has a porosity reduction of about 40%
under this condition, while that of HKUST-1@GO-2 is only ca. 20%.
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Figure 50. Low temperature (-196 °C) nitrogen adsorption/desorption isotherms
of (a) HKUST-1@GO-2 and (b) HKUST-1 before and after exposure to humid air.
Blue and orange patterns belong to initial activated HKUST-1 and
HKUST-1@GO-2, respectively. Initial air dried (20 °C) and activated (110 °C,
vacuum) materials were exposed to RH 11% and 85% at 25 °C for 21 days and
then measured after activation at 110 °C in vacuum.[353]
Table 9. Apparent surface area (SBET), micropore (Vmicro), total (Vtot) and
mesopore volume (Vmeso) before and after exposure to relative humidity *.
Sample

SBET
m2·g−1

HKUST-1@GO-2
HKUST-1@GO-2_20_11
HKUST-1@GO-2_20_85

1550
1460
1200

0.57
0.56
0.46

0.65
0.62
0.50

0.08
0.06
0.04

HKUST-1@GO-2_110_11
HKUST-1@GO-2_110_85

470
65

0.18
0.03

0.36
0.05

0.18
0.02
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Figure 51a-d compares the DTG curves of the corresponding HKUST-1 and
HKUST-1@GO-2 having the same prehistory up to 250 °C. The thermal behaviour of the
treated HKUST-1@GO-2 samples are very similar to that of HKUST-1. In the composite
system, the second DTG peak related to the ethanol formation is still recognisable. This
implies that some of the mono-ethyl ester bonds remained untouched during the 21 days.
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Figure 51. DTG curves of (a) as received HKUST-1 (blue solid) and
HKUST-1@GO-2 (orange dash) after exposure to (a) 11% and (b) 85% relative
humidity and activated samples (110 °C, vacuum) after exposure to (c) 11% and
(d) 85% relative humidity. Thermal analysis was carried out in oxidative
atmosphere (air flow: 130 cm3/min; heating rate: 10 °C/min). [353]
Also taking into account that the degradation of the pore volume in the composite sample
was half that of the pristine HKUST-1 it is assumed that hydrolysis of the ester bonds
prevents the attack of the crystalline structure. Instead of eroding the copper – btc
coordination bonds within the pores (as in case of HKUST-1), the water hydrolyses the
easily accessible ester groups on the GO surface. Thus, GO is able to protect the
copper – carboxyl coordination bonds, probably by sacrificing the ester groups formed
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during the solvothermal synthesis between ethanol and the carboxyl groups on the
GO sheets. The shift between the two curves in Figure 51b is a result of the higher ethanol
content, i.e., higher volatility, released by the GO sites.
In summary, HKUST-1@CA and HKUST-1+CA adsorbs slightly lower amount of
water vapour compared to HKUST-1, thus the lower water content in the physical mixture
and the composite system may delay the degradation of HKUST-1. In case of
HKUST-1@GO-2, it was found that GO is able to protect the copper – carboxyl
coordination bonds, probably by sacrificing the ester groups formed during the
solvothermal synthesis between ethanol and the carboxyl groups on the GO sheets.
5.4.4. Compressed of HKUST-1 – carbon nanoparticle powders
5.4.4.1. Structural behaviour
As seen before (Section 4.3. Compaction of HKUST-1 powder), compact pellets were
formed from the HKUST-1 powder at 25-200 bar. The increasing external pressure
caused increasing porosity loss. In order to reveal the effect of the carbon nanoparticles
on the mechanical stability the binary systems were studied under compression as well.
To facilitate the comparison figures related to the pressure induced amorphization of
HKUST-1 will be show here again (Figs. 33 and 34.).
In Figure 52 the physical appearance of the compressed binary samples in a
microscopic level are compared. The physical mixture of HKUST-1 and CA formed only
loosely textured disks at 100 and 200 bar, but they easily disintegrated during the
preparation for further examinations. Particles in HKUST-1+CA adhered to some extent
under 200 bar (Fig. 52). CA itself did not form a pellet in the pressure range investigated.
The robustness of the HKUST-1@ pellets increased by the applied pressure and compact
pellets with layered structure were formed at 100 and 200 bar (Fig. 52). This indicates
that in the HKUST-1 – CA systems the mechanical stability of the disks was ensured by
HKUST-1. Compression of HKUST-1@GO-2 already at 25 and 50 bar was successful,
providing pellets with microscopically recognizable polyhedral crystals (Fig. 52).
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200 bar

HKUST-1@GO-2

HKUST-1@CA

HKUST-1+CA

CA

25 bar

-

Figure 52. SEM images of the internal surface of the various compressed
samples. [348]
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Relative intensity [a.u.]

The diffraction profiles of the compressed HKUST-1 – CA samples are compared in
Figure 53. The two broad bumps (2θ = 22.9°; 43.1°) of the amorphous CA could be the
sign of limited structural regularity (Fig. 53b). Both binary samples show poorer pressure
resistance than their individual components. The structure of HKUST-1 disappears in
HKUST-1@CA at 50 bar (Fig. 53c) and in HKUST-1+CA at 100 bar (Fig. 53d), which
implies that the physical mixture offers slightly better resistance to pressure than the
composite.
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Figure 53. Comparison of XRD patterns of the as received powders (HKUST-1:
blue; CA: black, HKUST-1@CA: pink, HKUST-1+CA: wine) and compacted
(a) HKUST-1 (same as Fig. 31), (b) CA, (c) HKUST-1+CA and
(d) HKUST-1@CA at 25 bar (green), 50 bar (red), 100 bar (yellow) and 200 bar
(purple). The peaks were normalized to the maximum intensity peak, and vertically
shifted for better visibility. [348]
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The effect of the pressure induces nanoscale changes which influences the adsorption
properties (Figs. 54 and 55) and results in the reduction of the micropore volume. Various
porous carbons of different forms and origin [52, 347, 360] are known for their
high pressure resistance. The prepared CA aerogel, however, shows deviation in the
high relative pressure range, which corresponds to wider meso- and narrow macropores:
mechanical stress affects these wider pores (Fig. 54b). CA is the most resistant in the
narrow pore region (first part of the isotherm). The increased total pore volume indicates
that the interparticle spaces, which exceed the window of nitrogen adsorption, may shrink
and shift into the range already detectable by low temperature nitrogen adsorption
measurements resulting in an increase in total pore volume of more than 200%.
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Figure 54. Comparison of low temperature nitrogen adsorption/desorption
isotherms of the as received powder (HKUST-1: blue; CA: black, HKUST-1@CA:
pink, HKUST-1+CA: wine) and compacted (a) HKUST-1 (same as Fig. 32) and
(b) CA at 25 bar (green), 50 bar (red), 100 bar (yellow) and 200 bar
(purple). [348]
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The isotherms of HKUST-1@CA (Fig. 55a) show a gradually decreasing trend similar
to HKUST-1 (Fig. 54a) through the whole relative pressure range. The pore size
distribution (Fig. 55c) reveals how the width of mesopores narrow and their volume
decreases with increasing compression. The HKUST-1+CA isotherms reveal a slightly
different pressure sensitivity (Fig. 54d). Up to 25 bar HKUST-1@CA seems to be more
resistant, but the XRD results show that at 50 bar this obstacle disappears (Fig. 53c).
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Figure 55. Comparison of N2 adsorption/desorption isotherms of the as received
powder (HKUST-1: blue; CA: black, HKUST-1@CA: pink, HKUST-1+CA: wine)
and compacted (a) HKUST-1@CA and (b) HKUST-1+CA at 25 bar (green),
50 bar (red), 100 bar (yellow) and 200 bar (purple). Pore size distribution was
calculated from the desorption branches of the isotherms using BJH method both
for (c) HKUST-1@CA and (d) HKUST-1+CA. [348]
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Figure 56 and Table S2 compares the trend in the numerical parameters deduced from
the nitrogen adsorption measurements of compressed samples. Not surprisingly, the
apparent surface area and the micropore volume show similar tendency. The mechanical
protective effect of the carbon is similar in both binary systems.
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Figure 56. Effect of compression on (a) SBET, (b) Vtot; (c), Vmicro from
N2 adsorption/desorption isotherms (see also Table S2). [S32, S35]
Compact pellets were obtained from HKUST-1@GO both at 25 and 50 bar. In contrast
to the CA containing systems (Fig. 53) the XRD pattern characteristic to HKUST-1 was
well preserved during the compression process (Fig. 57a). Similar to HKUST-1
(Fig. 57b), the peak positions slightly shifted to higher angles, implying decreased
interplanar distance and shortened bond lengths. In HKUST-1@GO-2_25 the increased
relative intensity of the (222) reflection (2θ = 12°) may indicate that the individual
HKUST-1 crystals turned into a preferred direction during the compression due to GO.
At 50 bar peak widening and baseline increase was observed indicating a more dramatic
damage in the crystal structure.
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Figure 57. XRD patterns of (a) HKUST-1@GO-2 (orange) and (b) HKUST-1
(blue) powder and pellets formed at 25 bar (green) and 50 bar (red). [349]
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On the contrary to the expectations based on XRD results there is practically no
difference between the pore structure of HKUST-1@GO-2 pellets compressed at 25 bar
or 50 bar (Fig. 58a). Moreover, no adsorption hysteresis was observed.
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Figure 58. Comparison of N2 adsorption/desorption isotherms of the as received
powder (HKUST-1@GO: orange, HKUST-1: blue) and compacted
(a) HKUST-1@GO and (b) HKUST-1 (from a second batch) at 25 bar (green),
50 bar (red). [349]
The HKUST-1 used for these experiments did not show hysteresis when compressed
either at 25 or 50 bar (Fig. 58b). Therefore, its absence cannot be related to GO. Similarly
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to reference works the porosity decreases with rising pressure (Fig. 56) [264]. Thus,
nitrogen adsorption/desorption isotherms also support the outstanding mechanical
stability of HKUST-1@GO-2 among the binary materials.
All in all, when compressed, the CA containing binary systems lose their
microporosity similarly to HKUST-1 (Figs. 56a and b). However, CA both in the physical
mixture and the composite provides a certain level of protection. The protective effect of
GO is outstanding at 50 bar. Presumably, the flexible GO sheets with high mechanical
stability act as spacers between HKUST-1 crystals thus preventing their degradation.
5.4.4.2. Effect on gas storage: methane adsorption on compressed associated systems
For applications, it is of primary importance to see the effect of the pelletization on
the methane adsorption capacity. For methane adsorption measurement HKUST-1@GO
and HKUST-1@CA samples were selected based on their texture and properties after the
compression. HKUST-1@CA formed pellets after compression at 100 bar and
HKUST-1@GO-2 formed pellets both at 25 bar and 50 bar. Atmospheric methane uptake
at 0 °C of these pellets were compared with their powder form.
The methane isotherms of the CA containing binary samples and parent materials
before and after compressed at 100 bar are compared in Figure 59. All the isotherms show
reversible adsorption. Due to the ambient test conditions applied, the capacities are
significantly below the nitrogen adsorption data. Methane uptake per unit mass of CA is
greater than that of the HKUST-1 (Fig. 59b). But the apparent advantage of CA itself in
gravimetric terms immediately disappears in the volumetric (methane uptake per unit
volume) comparison. CA has extremely low bulk density of 0.075 g/cm3 [361], while the
bulk density of HKUST-1 is 0.33 g/cm3. Thus, HKUST-1 has more than 4 times larger
volumetric CH4 capacity at atmospheric pressure than CA. The bulk densities of the
HKUST-1@CA and the HKUST-1+CA composite samples were 0.19 g/cm3 and
0.12 g/cm3, respectively. The corresponding volumetric adsorption capacities exceed that
of the plain CA by factors of 3.5 and 2.5, respectively.

102

40

Adsorbed CH4 volume [cm3,STP/g]

Adsorbed CH4 volume [cm3,STP/g]

Results and discussion

35
HKUST-1

30
25
20
15

100 bar

10
5
0

0

200 400 600 800 1000

40

100 bar

35
30

CA

25
20
15
10
5
0

0

Adsorbed CH4 volume [cm3,STP/g]

Adsorbed CH4 volume [cm3,STP/g]

40
35
HKUST-1@CA
30
25
20
100 bar

15
10
5
0

0

200 400 600 800 1000

p [mbar]
b

p [mbar]
a

200 400 600 800 1000

40
35

HKUST-1+CA

30
25
20
100 bar

15
10
5
0

0

200 400 600 800 1000

p [mbar]
d

p [mbar]
c

Figure 59. Comparison of CH4 adsorption/desorption isotherms of the as received
powder and pelletized (a) HKUST-1, (b) CA, (c) HKUST-1@CA and
(d) HKUST-1+CA at 100 bar. [348]
The mass related (gravimetric) adsorption data were used to evaluate the effect of the
compression on the binary samples. After compression at 100 bar the loss of CH 4 capacity
was 40% in the case of HKUST-1, 57% for HKUST-1@CA and slightly less, 46% for
HKUST-1+CA, i.e., in these composites the adsorption of the HKUST-1 component
governs the uptake. The trend of the additivity (or its absence) of the highest adsorption
103

Results and discussion

capacities is the same as in nitrogen adsorption. The initial sections of the methane
adsorption isotherms were fitted to the DR model in order to estimate the effect of
pressure on the adsorption energy. The slope reported in Table S3 is inversely
proportional to the adsorption energy. After compression, the slopes decreased in each
case, which means an enhancement of the adsorption energy. The heat release during the
adsorption cycle (filling) challenges the uptake amount if the thermal conductivity of the
adsorbent is poor. In the working cycle, the adsorbent cools down due to endothermic
nature of the desorption, reducing the delivery capacity. Nevertheless, the enhancement
is close to 25% in case of the pure HKUST-1 and only 7% for CA. HKUST-1+CA
behaves similarly to HKUST-1, while HKUST-1@CA shows an effect comparable to the
pure CA. Basically, no significant difference was found between the corresponding
CH4 adsorption isotherms of the binary CA-containing materials either in the as prepared
samples or after compression at 100 bar [348].
The methane adsorption on HKUST-1 and HKUST-1@GO-2 powder and pellet is
compared in Figure 60. In spite of the fact, that HKUST-1@GO has slightly higher
apparent surface area and pore volume, its methane adsorption capacity is lower than that
of pristine HKUST-1 (Table S3). It suggests, that GO slightly inhibits the CH4 adsorption
in the low pressure range. Presumably, nitrogen molecules at low pressure fill the formed
micropores in the interface of HKUST-1 and GO, but the adsorption of methane
molecules in these pores is not favourable. Pellets from both materials showed reduced
adsorption capacity in agreement with nitrogen adsorption measurement (Fig. 58).
HKUST-1@GO-2 pellet obtained at 50 bar shows a little bit lower methane adsorption
capacity than which was obtained at 25 bar (Fig. 60b). As for CA containing samples, the
DR model was fitted in order to estimate the effect of pressure on the adsorption energy
(Table S3). Similarly to CA based materials, the decreased slope indicates enhanced
adsorption energy as a result of compaction. Basically, there was no difference between
HKUST-1 and the composite in this regard.
GO containing associated systems better preserved their methane adsorption capacity
than HKUST-1@CA and HKUST-1+CA. The protective effect of GO is remarkable at
higher pressure as HKUST-1@GO-2_50 adsorbed slightly more methane as
HKUST-1_50.
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Figure 60. Comparison of CH4 adsorption/desorption isotherms measured at 0 °C
on the as received powder and pelletized (a) HKUST-1 and (b) HKUST-1@GO-2
at 25 bar (green) and 50 bar (red). [349]
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Summary

The strictly microporous copper benzene-1,3,5-tricarboxylate (Cu3btc2) or shortly
HKUST-1, the iconic metal organic framework capable for adsorptive gas storage has
been investigated. It was prepared under solvothermal conditions by the reaction of
copper nitrate and benzene-1,3,5-tricarboxylic acid in water-ethanol mixture with a yield
of 84%. Its air dried form contains ca. 9.4 mol water/Cu3btc2 unit partially bonded to the
free sites of copper atoms and partly as bulk water filling the 0.5, 1.1 and 1.35 nm wide
micropores. During the thermal decomposition of HKUST-1 a ca. 3% exothermic weight
loss occurs between 150 and 250 °C which up to now has been overlooked in the
literature. Only ethanol was identified in the evolving gas. It is proposed that it originates
from the thermal decomposition of mono-ethyl esters formed in the solvothermal reaction
between the ethanol and some of the carboxylic groups of the benzene-1,3,5tricarboxylate organic ligands on the crystal surface. Thus, ethanol molecules serve as
barriers that prevent further growth of the HKUST-1 crystal in the precursor solution.
HKUST-1 is not stable under humid condition, however the mechanism of its
deterioration is not fully understood. The half-life of our air dried sample (stored in sealed
container for 31 months) was found 33 month from N2 adsorption properties. The
apparent surface area decreased but no sign of the hydrolysis of mono-ethyl ester groups
was detected. Samples of different pre-history concerning their contact with humid air
were studied to get closer information about the structural changes. SEM imaging,
TG/DTG, powder XRD and low temperature N2 adsorption measurements were used to
reveal the deterioration. It was found that the water molecules in the air dried sample
stabilize the microporous structure. To maximize the gas adsorption capacity the removal
of the water molecules cannot be circumvented. Once all the water is removed the reexposition to humid gas/air results in the enhanced decomposition/transformation of the
crystalline structure and corrupts the adsorption properties. Depending on the relative
humidity this may lead to the partial or total loss of the microporosity, occasionally along
the development of mesopores. Water molecules with five different binding strengths were
distinguished. HKUST-1 is transformed into a mixture of several, up to know not identified
crystalline compounds. I succeeded to identify one of the minor products as hydrogen
triaqua benzene-1,3,5-tricarboxylate copper(II) [Cu(OOC)2(C6H3COOH) . 3H2O]. My
finding implies that the re-adsorbing water attacks the copper − carboxylate bonds.
HKUST-1 pellets were successfully formed using an OL57 hydraulic press under
25-200 bar external pressure. There is a high price to pay for compacting as a drastic loss
in the crystallinity and the porosity of HKUST-1 occurred even at the lowest pressure.
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HKUST-1 formation in the presence of amorphous mesoporous carbon aerogel (CA)
and practically two dimensional graphene oxide (GO) under solvothermal conditions was
equally successful. The Cu – benzene-1,3,5-tricarboxylate self-assembly was influenced
by the amount of associating material, challenging the purity of the HKUST-1. Higher
(2.5 g/dm3) GO content in the precursor solution led to the formation of not identified
side-product(s) with different crystal structure and porosity. GO – in an optimal
concentration – was able to protect the copper – carboxylate coordination bonds in
HKUST-1@GO systems against water, at least temporarily, by sacrificing the ester
groups formed during the solvothermal synthesis between ethanol and the carboxyl
groups on the GO sheets. The HKUST-1@GO forms pellets already at 25 bar. The
porosity loss is less than that of the “free” HKUST-1 and not influenced by the pressure.
The flexible GO sheets with high mechanical stability may act as compressible spacers
between the HKUST-1 crystals thus preventing their amorphization.
The distinctive nature of the nanostructured carbon materials resulted in dissimilar
composite systems, HKUST-1@CA and HKUST-1@GO. The apparent surface area of
HKUST-1@CA was less than the area expected from additivity as HKUST-1 partially
occupies the pores of the aerogel. The micropores of the HKUST-1 and the wider pores
of the CA form a micro-meso-macroporous system. The material is able to form pellets
at 100 and 200 bar, however, the high pressure corrupts the HKUST-1 structure and
suppresses the adsorption capacity. Nanoscale structure of a physical mixture with similar
composition (50 wt%) cannot be pelletized up to 200 bar and its HKUST-1 content is
more sensitive to external pressure than in the co-synthetized HKUST-1@CA the
porosity of which gradually decreases with pressure. The specific surface area of the
formed HKUST-1@GO systems was practically unaffected by the presence of GO at a
suitable concentration of 1-2 g/dm3 in the precursor solution. During the association, the
excellent adsorption properties characteristic of HKUST-1 are preserved.
Atmospheric methane, hydrogen and carbon dioxide adsorption capacity of HKUST-1
are in good agreement with literature data. Methane adsorption performance of HKUST-1
was quite well preserved during the composite formation both with CA and GO.
Furthermore, HKUST-1@GO composites (except HKUST-1@GO-2.5) adsorbed more
than twice as much carbon dioxide as HKUST-1, while HKUST 1@GO-2 showed the best
hydrogen adsorption performance among composites. GO containing associated systems
better preserved their methane adsorption capacity than HKUST-1@CA and
HKUST-1+CA. The protective effect of GO is remarkable at higher pressure as
HKUST-1@GO-2_50 adsorbed slightly more methane as HKUST-1_50.
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1. I was able to identify an until now neglected region in the TG/DTG curve of copper
benzene-1,3,5-tricarboxylate (Cu3btc2 or HKUST-1) metal-organic framework prepared
in water-ethanol binary solvent under solvothermal conditions. In situ evolving gas
analysis and mass spectrometry revealed that the mass loss between 150 and 250 °C
originates from the thermal decomposition of mono-ethyl esters which were formed
during in the reaction between the ethanol and the carboxyl groups of the benzene1,3,5-trycarboxylic acid organic ligand situated on the HKUST-1 crystal surface or in
edge positions during crystal growth.
2. The air dried HKUST-1 contains ca. 9.4 mol water/Cu3btc2 unit. Part of this water
fills the pores as “bulk” water and 3 mol/Cu3btc2 unit is related to the free Cu sites. The
presence of the water results in a slow decay of the MOF with an estimated half-life of
about 33 months. Exposition of these samples to 11 and 85% relative humidity (RH) for
21 days at 20 °C revealed that these water molecules provide a certain level of protection
to the framework even against RH 85%. The samples keep their exclusively microporous
character, but their pore volume is reduced according to RH conditions.
3. The samples activated in vacuum either in 110 or 180 °C lost both types of water.
After exposing these activated samples to RH 11% for 21 days at 20 °C the re-adsorbing
water molecules result in the partial disintegration of the isoreticular structure of the
HKUST-1. The formerly exclusive microporosity is suppressed and mesopores with a
size distribution maximum of 25 nm develop.
4. After exposing the activated samples to RH 85% for 21 days at 20 °C the
re-adsorbed water molecules have five different binding strengths. The water molecules
result in the complete disintegration of the isoreticular structure of the HKUST-1. The
porosity is practically completely lost and several up to now unknown disintegration
products are formed. I succeeded to identify one of the minor products as hydrogen
triaqua
benzene-1,3,5-tricarboxylate
copper(II)
[PDF_00-064-1336:
Cu(OOC)2(C6H3COOH) . 3H2O]. This product implies that the re-adsorbing water
molecules attack the copper – carboxylate coordinative bonds.
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5. I found that carbon aerogel (CA) is able to form an associated system
(HKUST-1@CA) when added to the precursor solution of HKUST-1 prior to its
solvothermal synthesis. The apparent surface area of the product is less than the area
expected from additivity as HKUST-1 partially occupies the pores of the aerogel.
The material forms compact pellets at 100 and 200 bar, however, the high pressure
corrupts the HKUST-1 structure and suppresses the adsorption capacity. Nanoscale
structure of a physical mixture with similar composition cannot be pelletized up to
200 bar and its HKUST-1 content is more sensitive to external pressure than in the
co-synthetized HKUST-1@CA the porosity of which gradually decreases with pressure.
6. I found that graphene oxide (GO) is able to form an associated material with
HKUST-1. GO – in an optimal concentration – is able to protect the copper – carboxylate
coordination bonds in HKUST-1@GO systems against water, at least temporarily, by
sacrificing the ester groups formed during the solvothermal synthesis between ethanol
and the carboxyl groups on the GO sheets. HKUST-1@GO forms pellets already at
25 bar. The porosity loss was less than that of the “free” HKUST-1 and not influenced by
the pressure. The flexible GO sheets with high mechanical stability may act as
compressible spacers between the HKUST-1 crystals thus preventing their
amorphization.
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Figure S1: a-f
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Corresponding organic ligands to the listed MOFs in Figure S1: a-f

bdc
benzene-1,4-dicarboxylate

btc
benzene-1,3,5-tricarboxylate

2-methylimidazolate

L
1,3,5-tris[((1,3-carboxylic acid-5-(4-(ethynyl)phenyl))ethynyl)phenyl]-benzene

bcpbd**
bbc*
* 4,4',4"-benzene-1,3,5- triyl-tris(benzene-4,1-diyl)tribenzoate
** 1,4-bis-p-carboxyphenylbuta-1,3-diene
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Figure S1: g-l
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Corresponding organic ligands to the listed MOFs in Figure S1: g-l

dobdc
2,5-dihydroxyterephthalate

bdc
benzene-1,4-dicarboxylate

bipy
4,4′-bipyridine

dabco
1,4-diazabicyclo[2.2.2]octane

ndc
naphthalene-2,6-dicarboxylate
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Figure S1: m-r

UiO-66

AlFu
Al(fumarate)(OH)

(University of Oslo)

Zr6O4(OH)4(bdc)6

C, O, Zr nodes, pore [S13]
m
Fe-BTC
Fe(btc)

C, O, Al nodes [S14]
n
MOF-177
Zn4O(btb)2

C, O, Fe [S15]
o
IRMOF-2

C, O, Zn nodes, pore [S16]
p
IRMOF-5

(IsoreticulaR Metal-Organic Framework)

(IsoreticulaR Metal-Organic Framework)

Zn4O(C8H3BrO4)3

Zn4O(bdc-R2)

C, O, Br, Zn nodes, pore [S17]
q

C, O, Zn nodes, pore [S17]
r
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Corresponding organic ligands to the listed MOFs in Figure S1: m-r

bdc
benzene-1,4-dicarboxylate

bdc-Br
2-brombenzene-1,4-dicarboxylate

btc
benzene-1,3,5-tricarboxylate

fumarate

bdc-R2
2,5-pentyloxy-benzene-1,3-dicarboxylate, R

btb
1,3,5-benzenetribenzoate
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Figure S1: s-v

IRMOF-16

Zn-HKUST-1

(IsoreticulaR Metal-Organic Framework)

(Hong-Kong University of Science and Technology)

Zn4O(tpdc)3

Zn3(btc)2

C, O, Zn nodes, pore [S17]
s

C, O, H, Zn [S18]
t
PMOF-2
(acronym not available)

Zn24L’8

C, O, Zn, supermolecular building blocks: blue, yellow, red [S19]
u
SDU-1
(acronym not available)

[Zn2(COO)3]x[Zn2(COO)2]y(tmbhb)z

C, O, Zn, supermolecular building blocks [S20]
v
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Corresponding organic ligands to the listed MOFs in Figure S1: s-v

tmbhb
3,3′,3″,5,5′,5″-benzene-1,3,5-triyl-hexabenzoate

tpdc
p-terphenyl-4,4′-dicarboxylate
btb
1,3,5-benzenetribenzoate

L’
1,3,5-tris(3,5-dicarboxylphenylethynyl)-benzene
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bipy
4,4′-bipyridine

Figure S1: w-z, α

ITHD or SUMOF-1

UiO(bpdc)

(acronym not available)

(University of Oslo)

M6(btb)4(bipy)3; M: Zn, Co, Cu, Ni

Zr6(μ3-O)4(OH)4(bpdc)12

C, M, pore [S21]
w
NU-100 or PCN-610

C, N, Zr nodes, pore, pore [S22]
x
UTSA-110

(Northwestern University)

(acronym not available)

Cu3(ttei)

Cu2(L’’)

O; C; Cu, pores [S23]
y

C, N, O, Cu, pores [S24]
z
MAF-38
(acronym not available)

Zn3(pypz)3(btc)

C, N, O, Zn, supermolecular building blocks: purple, green [S25]
α
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Corresponding organic ligands to the listed MOFs in Figure S1: w-z, α

btb
1,3,5-benzenetribenzoate

bipy
4,4′-bipyridine

btc
benzene-1,3,5-tricarboxylate

pypz
4-(1H-pyrazol-4-yl)-pyridine

ttei***

bpdc****
tris(ethyne-2,1-

***5,5′,5′′-(((Benzene-1,3,5-triyl-tris(ethyne-2,1-diyl))tris(benzene-4,1-diyl))

diyl))triisophthalate
****2,2-bipyridine-5,5-dicarboxylate

L’’: 5,5’-bipyridine-2,2’-dibenzoate
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Figure S1: β-ζ

Co(bdp)

Al-soc-MOF-1
Alx(tcpt)y

C, N, Co [S26]
β
SIM-1

C, O, Al nodes, pores [S27]
γ
UiO-67 (UiO-67,66)

(Substituted Imidazolate Material)

(University of Oslo)

Zn(4-methyl-5-carboxy-imidazolate)2

Zr6O4(OH)4(bdcp)

C, O, N, Zn, pore [S28]
δ
UiO-66-NH2
(University of Oslo)

Zr6O4(OH)4(bdc-NH2)6

C, O, N, Zn nodes, pore [S29]
ζ
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C, O, Zr nodes, pore [S13]
ε

Corresponding organic ligands to the listed MOFs in Figure S1: β-ζ

bdp
1,4-benzenedipyrazolate

tcpt
3,3″,5,5″-tetrakis(4-carboxyphenyl)-p-terphenyl

bdcp
4,4’-biphenyldicarboxylate

4-methyl-5-carboxy-imidazolate

bdc-NH2: 2-aminoterephthalate

Figure S1. Structure of MOFs (edited figures) and the corresponding organic linkers.
(derived from structures available in chemspider.com [S30]).
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Figure S2 – S3

Figure S2. Chemical structure of the secondary building unit of HKUST-1. The open metal sites
are occupied with water molecules [S31]
Counts
HKUST_slv_80C,24h 0922
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Position [°2Theta] (Copper (Cu))

60

70

80

Peak List

Cu3 ( ( O2 C )3 C6 H3 )2 ·9.4 H2 O; 00-064-0936

Figure S3. Identification of the HKUST-1 structure based on PDF 00-064-0936 reference
(Cu3((O2C)3C6H3)2.9.4 H2O). Measured XRD pattern (red solid line) and defined peak
positions (orange) of the obtained material are in a good agreement with the peak positions
of the reference (blue peak positions).
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Figure S4

Counts
3000

TG-DTA-Prepn-Maradek-325°C
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tenorite, syn; Cu O; 04-015-5873

Cu2 O; 01-080-3714

Figure S4. Phase analysis of the residual mass after heating HKUST-1 up to 325 °C in air.
According to the measured XRD diffractogram (red solid line) and defined peak positions
(orange) of the rest, it was identified as mixture of 64 wt% CuO (blue peak positions;
PDF: 04-015-5873) and 36 wt% Cu2O (green peak positions, PDF: 01-080-3714).
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Figure S5

Counts
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Figure S5. Phase analysis of the residual mass after heating HKUST-1 up to 800 °C in air.
According to the measured XRD diffractogram (red solid line) and defined peak positions
(orange) of the rest, it was identified as CuO (blue peak positions; PDF: 04-015-5871).
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Figure S6

Counts
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cuprite; Cu2 O; 04-007-9767

Figure S6. Phase analysis of the residual mass after heating HKUST-1 up to 800 °C in
helium According to the measured XRD diffractogram (red solid line) and defined peak
positions (orange) of the rest, it was identified as mixture of 79 wt% CuO (blue peak
positions; PDF: 04-008-8215) and 21 wt% Cu2O (green peak positions,
PDF: 04-007-9767).
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Figure S7

a

b

c
Figure S7. Evolution of the gases and vapours emitted under air flow

(130 cm3/min), observed by TG-FTIR analysis a) in the broad mass range (m / z
= 1-100); b) in the mass range for water (m / z = 17-18) and c) for CO2 and other
organic fragments (m / z = 42, 44, 45, 46). (Cycle can be converted to temperature:
cyc.100+30).
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Figure S8 – S9

Figure S8. FTIR spectra of the evolved gas at 202 °C (second stage) and during
the TG-FTIR analysis in helium flow of 130 cm3/min (heating rate:
10 °C/min). [S32]

0

1

Intensity [a.u.]

HKUST-1@CA

HKUST-1

960

950

940

930

Binding Energy [eV]
Figure S9. Cu 2p region of the XPS response of HKUST-1 and HKUST-1@CA
samples. [S33]
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Figure S10: e-f
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Figure S10. Low temperature (-196 °C) nitrogen adsorption/desorption isotherms
of (a) HKUST-1, (b) GO, (c) HKUST-1@GO-1, (d) HKUST-1@GO-1.5,
(e) HKUST-1@GO-2 and HKUST-1@GO-2.5. [S34, S35]
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Figure S11: g-h
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Figure S11. TG and limited temperature range DTG curves of the parent
materials and the composites: (a, b) HKUST-1@GO-1, (c, d) HKUST 1@GO-1.5,
(e, f) HKUST-1@GO-2, (g, h) HKUST-1@GO-2.5. GO (black) and HKUST-1
(blue) was plotted on all diagrams. Thermal analysis was carried out in oxidative
atmosphere (air flow: 130 cm3/min; heating rate: 10 °C/min). [S34, S35]
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Table S1

Table S1. Comparison of the H2, CH4 and CO2 adsorption performance of the
reported materials with literature data*. [S35]
Sample
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1
HKUST-1@GO
HKUST-1

GO in
Adsorption
SBET Adsorbate p
T
composite
capacity
2
[wt%]
[m /g]
[bar] [°C] [mmol/g]
1500
H2
1 -196
11.5
16
1550
H2
1 -196
10.9
909
H2
1 -196
11.15
1
989
H2
1 -196
11.8
0
1305
H2
42 -196
9.5**
9
1532
H2
42 -196
10**
1131
H2
1.15 25
0.06**
5
955
H2
1.15 25
0.04**
1500
CH4
1
0
1.4
16
1550
CH4
1
0
1.4
1382
CH4
1
0
1.2**
1
1677
CH4
1
0
1.3**
1137
CH4
5.8 25
2.78
10
1259
CH4
5.8 25
2.56
1137
CH4
65
25
7.53
10
1259
CH4
65
25
8.4
1500
CO2
1
0
4.0
16
1550
CO2
1
0
8.6
1305
CO2
1
0
6.39
9
1532
CO2
1
0
8.26
1193
CO2
1
0
6.85
2
1554
CO2
1
0
9.02
1382
CO2
1
0
6.49
1
1677
CO2
1
0
8.19
1580
CO2
1
0
8**
1
1772
CO2
1
0
9**
892
CO2
1
4
3.86
10
1010
CO2
1
4
5.00
933
CO2
1
25
2.77
6.06
837
CO2
1
25
3.37
no data
CO2
1
25
2.3

162

Ref.

S35
S35
S37
S37
S38
S38
S39
S39
S35
S35
S40
S40
S41
S41
S41
S41
S35
S35
S38
S38
S42
S42
S40
S40
S43
S43
S44
S44
S45
S45
S46

Table S1 – S2

HKUST-1@GO
HKUST-1
HKUST-1@GO

10
10

no data
1048
1015

CO2
CO2
CO2

1
5.5
5.5

25
32
32

3.2
1.8**
2.5**

S46
S47
S47

* Adsorption capacities are reported at the highest pressure applied except ** values where
the capacity at 1 bar was estimated from the published isotherms.

Table S2 Data deduced from low temperature (-196 °C) nitrogen adsorption
measurements of compressed samples. [S33, S36]
Sample

HKUST-1

HKUST-1

CA

HKUST-1@CA

HKUST-1+CA

HKUST-1@GO

External pressure
[bar]
25
50
100
200
0
25
50
25
50
100
200
25
50
100
200
25
50
100
200
0
25
50
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SBET
[m2/g]
1560
855
755
710
560
1500
970
620
875
855
845
905
865
925
710
540
445
345
1235
670
650
465
405
1550
1110
1130

Vmicro
[cm3/g]
0.58
0.33
0.29
0.27
0.22
0.55
0.36
0.24
0.35
0.34
0.34
0.36
0.35
0.35
0.28
0.22
0.18
0.13
0.47
0.26
0.26
0.19
0.16
0.57
0.41
0.42

Vtot
[cm3/g]
0.66
0.4
0.35
0.31
0.28
0.62
0.39
0.25
2.2
4.6
4.6
3.0
3.9
2.3
1.9
1.7
1.1
0.80
2.8
1.7
2.0
1.9
1.5
0.65
0.46
0.47

SRef.
S33
S33
S33
S33
S33
S36
S36
S36
S33
S33
S33
S33
S33
S33
S33
S33
S33
S33
S33
S33
S33
S33
S33
S36
S36
S36

Table S3

Table S3 Data deduced from methane adsorption measurements (carried out at
0 °C) of initial and compressed samples. [S33, S36]
Temperature

Vtot,CH4
measured

Vtot, CH4
theoretical*

[°C]

[cm3/g]

[cm3/g]

0.050
0.030
0.056
0.066
0.051
0.022
0.054
0.029
0.056
0.048
0.041
0.052
0.049
0.046

0.053
0.047
0.053
0.048
-

Sample
HKUST-1
HKUST-1_100
CA
CA_100
HKUST-1@CA
HKUST-1@CA_100
HKUST-1+CA
HKUST-1+CA_100
HKUST-1
HKUST-1_25
HKUST-1_50
HKUST-1@GO-2
HKUST-1@GO-2_25
HKUST-1@GO-2_50

0

0

Slope from
DR model

*the same calculation as for N2 adsorption; liquid CH4 density: 0.42 g/cm3
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- 0.57
- 0.43
- 0.41
- 0.38
- 0.50
- 0.47
- 0.48
- 0.37
-0.56
-0.53
-0.52
-0.58
-0.56
-0.53
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